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ABSTRACT
Interactions of Organic Fluorophores with Plasmonic Surface Lattice Resonances
by
Robert Collison
Advisor: Stephen O’Brien
It is common knowledge that metals, alloys and pure elements alike, are lustrous and reflective, the
more so when a metal surface is flat, polished, and free from oxidation and surface fouling.
However, some metals reflect visible light, in the 380 nm to 740 nm range of wavelengths, much
more strongly than others. In particular, some metals reflect wavelengths in certain portions of the
ultraviolet (UV), visible, and near-infrared (NIR) regime, let us say 200 nm to 2000 nm, while
absorbing light strongly in other segments of this range. There are several factors that account for
this difference between various metals. For a particular metal, its absorbance and reflectance (and,
for thin films, transmittance) at various wavelengths are a function of the metal electronic band
structure. Metals that have both an abundance of mobile (“free”) valence electrons and an
abundance of vacant states in the valence band are able to support propagating oscillations in the
free-electron density, much like sound waves in air, which are referred to as plasma oscillations,
which are essentially pressure waves in the “plasma” or gas of free electrons in the solid metal.
When described as quasiparticles in a manner analogous to phonons (lattice vibrations,
propagating oscillations in the positions of atomic nuclei), these electron-density oscillations are
referred to as plasmons, specifically volume or bulk plasmons when they exist and propagate in a
continuous three-dimensional metal space. In principle, all metals have free electrons and partially
occupied valence bands, so all metals ought to support plasmons to some extent, but the strength of
the oscillations is greater in some metals (metals with large valence band occupancy and a high
iv

density of states at the Fermi level) than in others, and the metals with the strongest plasma
oscillations are known as “plasmonic” metals. In terms of pure elements, the most plasmonic metals
are, canonically, copper, silver, and gold. But there are several others that are known to be
plasmonic, namely aluminum, gallium, and indium, as well as the alkali metals, magnesium, and
nickel. Depending on the definition of plasmonic that one chooses, other metals would also qualify,
but these listed metals are broadly considered “plasmonic”, and are accordingly known to strongly
reflect visible light (barring surface oxidation, of course).

The plasmonicity of these metals contributes to the high reflectivity of their bulk surfaces and films,
which explains, in part, the fiery glint of gold-plated statues in sunlight, the faithful image reflection
from silvered-glass mirrors, the use of a burnished speculum (roughly 70% copper, 30 % tin, by
weight) alloy plate in the first reflecting telescope, and the use today of aluminum films in electric
lamps, including car headlights, where reflecting the light out with minimal light loss due to
absorption is key to their function. Of course, in all of these cases, the resistance to surface
oxidation (especially for gold) or, for silver, the discovery that it could be deposited onto glass
chemically, also contribute to their visible luster and to their historical use in mirrors and
reflectors. But the plasmonicity of these metals can have very different effects when they are not
shaped into smooth surfaces. In particular, when nanoparticles roughly 5 nm to 200 nm wide are
made from plasmonic metals, they exhibit intense light scattering and absorption in the ultravioletvisible-near-infrared regime. These intense optical effects are due, at least in large part, to the
localized surface plasmon resonances (LSPRs) of the particles, and in particles in the 5 nm to 200
nm width range, the dipolar LSPRs, in which incident light excites an oscillating electric dipole
within the particle, is often the fundamental mode that gives rise to their light scattering and
absorbing properties, although higher order LSPRs (quadrupole, sextupole, octupole, etc.) may also
play a significant role, especially for larger particles. Nanoparticles supporting LSPRs have many
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applications in colloidal suspension and in amorphous films and solids, in which they can act as a
powerful pigment, as light-to-heat converters, as anti-reflection coatings, and as optical tags for
biomolecules.

This dissertation is not primarily concerned with the LSPRs of colloids and disordered films of
plasmonic particles. Rather, this dissertation focusses on a different kind of plasmonic resonance
that requires plasmonic particles to be arranged in an ordered one-dimensional or twodimensional lattice, and embedded in a transparent dielectric (electrically insulating or
semiconducting) medium. This new plasmonic mode, formed by the mutual radiative coupling of
the dipolar LSPRs of the individual plasmonic nanoparticles constituting the lattice, is known as a
surface lattice resonance (SLR), sometimes described as a plasmonic SLR to distinguish it from
lattice resonances supported by lattices of Mie-scattering dielectric particles or excitonic
nanoparticles.

SLRs are another plasmonic mode, in addition to surface plasmons polaritons and LSPRs, through
which visible light can be absorbed or scattered. In addition, SLRs in combination with various
excitonic materials have been used to support a variety of exotic phenomena, including BoseEinstein condensation of exciton-SLR-polaritons1–3, directional fluorescence4,5 and lasing from thin
films (~200 nm thick) of dye-doped polymer in the direction normal to the plane of the lattice and
the film6–8, and enhanced light absorption in thin-film amorphous silicon solar cells, which was
shown to improve the photonic efficiency and overall performance of a solar cell based on a 100nm-thick amorphous silicon active layer at the angles-of-incidence and wavelengths that were
resonant with the SLR9,10.
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This last report is significant, in that it represents one system in which an SLR-supporting lattice
was used to increase the photonic efficiency (portion of the incident light absorbed) in a solar cell.
Meanwhile, a variety of reports demonstrates how the mobility and transferability of excitons can
be increased by coupling the excitons to nanostructure-based plasmonic and photonic modes.
These developments motivated the research presented in this dissertation. Specifically, the original
research detailed in this dissertation consists of a series of experiments with SLRs and Frenkelexciton supporting materials (organic dye-doped polymers) that were done to investigate whether
SLRs might be able to increase the quantum efficiency of excitonic solar cells, in addition to
increasing their photonic efficiency. Organic and excitonic solar cells are limited by the short
exciton diffusion lengths (typically < 10 nm for disordered organic semiconductors) and short
charge carrier diffusion lengths (typically < 10 nm for electrons or holes, depending on the
material) and numerous practical and theoretical reports11 indicating that increasing the diffusion
length or exciton-energy-transferability in the active layers of excitonic solar cells will increase
their quantum efficiency by allowing more photogenerated excitons to reach an electrode, p-n
junction, or another type of interface where they can be separated into charge carriers. Therefore,
using photonic and plasmonic modes, such as the resonant photon modes in optical microcavities,
to increase the mobility of these excitons, or to increase the rate at which their energy can be
transferred over a distance, is a plausible means by which one could improve excitonic solar cells.
While increased exciton diffusion lengths and increased energy transfer rates have been observed
for excitons coupled to optical microcavities and various other modes, and while there are certainly
reports indicating similar effects for SLR-coupled excitons (e. g. SLR-coupled excitons exhibit
spatially coherent fluorescence over several microns at least) a clear report of enhanced energy
transfer, or a quantitively defined increase in the energy transfer radius or diffusion length of
excitons in an SLR-coupled dye film still has not been reported. It was with the aim of investigating
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whether excitons can indeed be made more mobile or transferable by coupling them to and SLR
that the research presented here was undertaken.

Accordingly, experiments were done to fabricate and characterize SLR-supporting lattices, and to
correlate the structure and composition of the lattices to the optical properties and dispersions of
the SLRs they support. These include the fabrication methods and angle-resolved transmission,
reflection, and fluorescence spectra reported in Chapter 1 for lattices made of Au and Al
nanoparticles, and also in Chapter 2 for dimeric Al nanoparticles, and Chapter 3 for Ag nanoparticle
lattices. The spectra and other data presented in Chapter 1 demonstrate that the lattices that were
fabricated did indeed support SLRs across the visible range, and that these SLRs could be
successfully coupled to the excitons of a small molecule laser dye when a film of a transparent
polymer, poly(methyl methacrylate), doped with the laser dye was coated onto the SLR-supporting
nanoparticle lattice. The lingering ambiguity of the true nature of this coupling, despite the ample
literature on this topic, is discussed in light of these original results in Chapter 1.

In Chapter 2, the effects of exciton-SLR coupling on the transferability of the dye excitons was
examined by measuring the effect of the SLRs on the efficiently of Förster resonance energy
transfer (FRET) between two different small molecule laser dyes. The results did not show any
increase in the FRET efficiency due to coupling of the donor dye exciton to the SLRs in the
aluminum nanoparticle lattices. However, it did show a significant increase in the fluorescent
emission of the donor dye, such that SLRs at a certain wavelength effectively outcoupled the donor
dyes emission from the film and appeared increase the rate at which the donor dye excitons
decayed radiatively, likely due to the increase in the local density of optical states that the SLRs
furnished, which would increase the radiative decay rate of the donor dye exciton per Fermi’s
golden rule. Therefore, while this result did not clearly corroborate or negate our hypothesis that
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exciton-SLR coupling can increase exciton diffusion length and FRET radius, it did provide
interesting example of how SLR-enhanced fluorescence can decrease FRET efficiency, not by
changing the FRET rate, but by increasing the radiative decay rate of the donor to make it the
primary channel by which the donor dye exciton decays in films in which FRET to the acceptor is
the primary channel for donor dye exciton decay without SLR-coupling.

Chapter 3 explores the potential for SLRs to enhance and direct the emission from single-photon
emitters, specifically fluorescent atomic lattice defects in few-atomic-later films of hexagonal boron
nitride (hBN), a two-dimensional material and inorganic, insulator/wide-bandgap semiconductor.
The results indicate that the SLRs hosted by the plasmonic lattice of Ag nanocylinders does indeed
spatially filter (direct) the hBN defect fluorescence, such that the hBN fluorescent emission follows
the wavelength-angle of emission relationship dictated by the SLR dispersion. Thus, the defects in
hBN couple to the lattice in manner similar to organic dyes in a transparent polymer. Furthermore,
the SLRs lattices supporting SLRs of certainly wavelengths (e. g. around 500 nm) increased by a
factor of 6 the intensity of the hBN defect emission, and increased the emission from defects located
both direction on the Ag nanocylinders, and defects in the film between the Ag nanocylinders,
indicating that SLRs can activate defects by optical field effects, in addition to the mechanical strain
induced in the hBN by the Ag pillars, which is known to increase the emissivity of the defects based
on a previous study with hBN draped over non-plasmonic SiO2 nanopillars12,13.
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Chapter 1. Introduction
1.1 Why Should Anyone Care About Optics and Photonics?
Merriam-Webster defines optics as “a science that deals with the genesis and propagation of light,
the changes that it undergoes and produces, and other phenomena closely associated with it”.
Historically, the field of optics has focused on explaining the macroscopic phenomenon of light and
understanding its nature, and also with harnessing light for practical application using materials
that reflect, scatter, refract, and absorb light. The study of light and the materials that interact with
it led to the creation and use of components and devices such as lenses, prisms, diffraction gratings,
mirrors, pinhole cameras, microscopes, telescopes, monochromators, spectroscopes, and eventually
modern cameras using photochemical film or coated plates to control, direct, and record light. In
other words, optical research produced bulk materials and macroscopic three-dimensional
components (e. g. conventional lenses and mirrors) for controlling light.

Over time, the connections between electricity, magnetism, visible light, and the non-visible
portions of the electromagnetic (EM) spectrum became more apparent, allowing additional
technologies to emerge, such as wireless communications based on radio waves generated by
passing electric current through metal antennas, as well as other applications for these electricallygenerated EM waves, such as radar and microwave ovens.

In some cases, electrical devices and signals have been replaced with optical devices and signals,
resulting in greater energy efficiency and faster device performance. The most salient example is
the replacement of copper wires for carrying signals as electronic pulses with fiber-optic cables for
carrying information as near-infrared (NIR, specifically 1550 nm for telecommunications) light
pulses. With the adoption of fiber-optic cables for telecommunications, electrical signals produced
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in one place on an electronic device are converted to optical signals, and the optical signals are
transmitted over distances, where they are converted to electronic signals in the receiving
computer, and finally converted back to optical signals (images on the screen--visible light in threecolor space) for the human user by an array of opto-electronic transducers: the pixels, in the form
of a liquid crystal display (LCD), a light-emitting diode (LED) monitor, light-emitting field-effect
transistor (LEFET) array, or the combination of the scanning cathode ray and the phosphors in a
cathode-ray tube (CRT) monitor.

In addition to replacing electrical signals with optical signals for transmission of information
between computers, the application of light can replace the application of electrical current or
magnetic flux within a single computer, as with inventions such as light-effect transistors (LETs), in
which an optical input at the gate determines whether an electrical input is conducted through the
channel to the output or not, and all-optical transistors (AOTs), where an optical input is either
transmitted or blocked based on a second optical input at the gate14–18, and which could be
assembled into either an all-optical computer, or a hybrid optoelectronic computer, for faster
computing, less power consumption, and less waste-heat generation, than is possible with current,
all-electronic, silicon field-effect transistor-(FET)-based computers. Parallel to these advances with
using light to process information in LETs and AOTs, on-microchip light sources (micro- and nanolasers, micro-LEFETs, micro-LEDs, and micro-LETs) are also being developed19–23.

Thus, one can see the advent of semiconductors, solid-state transistors and computers, along with
the corresponding advances in visible light generation and controlling visible and NIR signals, has
brought us to the edge of science today, where optics and photonics are largely concerned with
improving existing optoelectronic devices, such as lasers, LEDs, photodetectors, and solar cells. At
the same time, advances are being made toward the deployment of not-yet commercially realized
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devices, namely all-optical computers, with AOTs instead of electronic FETs. Analogously,
superconducting quantum computers, which are based on qubits made of patches of material
containing quantum condensates of Cooper pairs (pairs of electrons) could be replaced with
systems of either exciton-polariton condensates or discrete light-emitting atoms (single photon
emitters, SPEs) strongly coupled to a nano- or micro-structure-based photonic mode. Replacing the
superconducting qubits with optical qubits is desirable because exciton-polariton condensates and
SPEs can exist at room temperature, whereas the materials used for superconducting qubits must
be cooled to very low temperatures (T < 100 mK) to form condensates of Cooper pairs.

The technologies wherein matter is used to control light, and light is used to drive processes in
matter, clearly apply to light-absorbing devices as well, as in photovoltaic (PVs), photodetectors,
and digital cameras. The advances that have been achieved in a variety of different types of PV
materials, coupled with our increased understanding of sunlight and it’s conversion to chemical fuel
in nature (photosynthesis), has produced corresponding advances in photocatalysis, making the
concept of using sunlight to make fuels and other commodity chemicals a more attainable goal24,25.

There are also numerous exotic phenomena that may play a role in basic science (that may help us
better understand the universe) such as non-linear interactions of light with matter, and advances
in technology that controls light and enhances or controls light-matter interaction (LMI) could help
researchers investigate the exotic or theoretical phenomena, including gravitational fields due to
ring lasers26–28, light induced-superconductivity at high temperatures29–31, exciton- and polaritonbased Bardeen–Cooper–Schrieffer (BCS) condensates and Bose-Einstein condensates (BECs)1,32–34,
laser-initiated nuclear fusion reactions35, light drives for space vehicles36, and solar cells that work
at night by channeling heat into empty space as infrared (IR) radiation37.
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All of these potential technologies, discoveries, and investigations require that photons of
wavelengths across the EM spectrum be controlled: their generation, propagation, absorption, and
detection, as well as their mutual interactions, must all be manipulatable. To these various related
projects and ends, the modern fields of optics, optoelectronics, and photonics (including plasmonics
and excitonics) are directed.

1.2 Motivation for Exciton-SLR Coupling: Increasing the
Quantum Efficiency of Thin-Film Photovoltaics by Enhancing
Exciton Energy Transfer

There are many applications or technologies that can benefit from increased light-matter
interaction:
•

Sensors and detectors for chemicals, such as surface plasmon resonance (SPR) sensing, Mie
resonance sensing; and various surface-enhanced spectroscopic methods, such as surfaceenhanced Raman scattering (SERS), surface-enhanced infrared absorption (SEIRA) and
surface-enhanced fluorescence (SEF). The sensing technologies are especially attractive to
detect small amounts of hazardous chemicals, namely chemical weapons, explosives, drugs,
toxins, and pollutants.

•

Light-emitting diodes (LEDs) with enhanced light emission or color purity, including
organic LEDs (OLEDs) and quantum-dot LEDS (QLEDs), for lighting and displays.

•

To produce (microchip-compatible) sources of light that can be controlled, so that the
properties of the light emitted, including the frequency, the propagation directions, the
number and repetition rate of photons emitted, and the spatial and temporal coherence
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(phase), are set by design. Such control is important for many applications, but especially in
optical computing and optical quantum computing.
•

Opto-electronic devices for computing, such as light-emitting field-effect transistors
(LEFETs) and light-effect transistors (LETs).

•

To trap light an enhance absorption in photovoltaics (PVs) and photodetectors.

•

To enhance and control the propagation of excitons in devices such as LEDs and PVs.

•

To enhance and control chemical reactions, for photocatalysts (PCs) and solar fuels.

While all of these applications are worthy of attention, and could result from working with
plasmonic SLRs, the research presented in this dissertation was done with the undergirding motive
of producing enhanced PVs—especially excitonic thin-film PVs that use materials that support
excitons that tend to be localized by nature (Frenkel and charge-transfer excitons) and which occur
in molecular organic, organometallic, and coordination compounds, and in some polycrystalline and
amorphous inorganic films. This technology could equally apply to the excitons in quantum dots
(QDs) or carbon nanotubes (CNTs), which are like Wannier-Mott (WM) excitons in some respects,
but are confined by the size and dimensionality of the particles. This work was undertaken with the
fundamental motive of investigating how SLRs might delocalize these normally localized excitons to
improve the quantum efficiency of excitonic solar cells, while allowing them to retain the virtues of
Frenkel excitons (very high absorbance of visible light, better than Si), thinness and flexibility (vs
conventional Si), processing and fabrication ease (ideally solution-processable and printable), and
the abundance and environmental safety of the raw materials in question (generally, organic dyes
don’t rely on special or toxic elements, as do other thin-film PV materials, namely lead-based halide
perovskites, CdTe, GaAs, and copper-indium-gallium selenide, all of which either use elements that
are toxic, such as cadmium, lead, and arsenic; rare, such as indium and gallium, or; or expensive to
grow and process, as with crystalline GaAs and Si), while addressing or circumventing the main vice
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of organic and excitonic PVs—a low quantum efficiency due to recombination, fluorescence, and
phosphorescence. The low quantum efficiency in excitonic, non-crystalline, and organic solar cells
can be attributed to the short exciton diffusion lengths of these materials, which result in many of
the photogenerated excitons recombining before being arriving at an electrode or p-n junction at
which the electron and hole can be separated.

1.3 Introduction to SLRs and Exciton-SLR Coupling

When plasmonic nanoparticles are arranged in two-dimensional (2D) lattices, the localized surface
plasmon resonances (LSPRs) of the individual particles mutually interfere to form extended modes
known as surface lattice resonances (SLRs). Several studies have demonstrated the utility of SLRs
for producing narrow, high-Q optical resonances with controllable linewidths and dispersions
determined by the lattice geometry and nanoparticle diameter7,38–41.

Like other plasmonic and photonic modes, SLRs can couple to the excitons of dye molecules located
in the plane of the SLR-supporting lattice. This SLR-exciton coupling can produce a range of effects,
including shortened exciton lifetimes with increased emissivity (the Purcell effect)42,43, and
directional emission from films of randomly oriented dye molecules5 or carbon nanotubes
(CNTs)44–46, where the angle of emission follows the dispersion of the SLR. In addition, SLR-exciton
coupling has been harnessed to generate low-threshold lasing from thin films of dye-doped
polymers and liquid dye solutions6,7,47–54, and even Bose-Einstein condensation of SLR-exciton
polaritons1.

Several studies suggest coupling the highly localized Frenkel excitons of organic molecules to
laterally extended SLRs can “delocalize” the excitons and increase their diffusion lengths. Zakharko
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et al. observed that SLRs promoted exciton diffusion over distances as far as 20 μm in thin films of
CNTs55. Likewise, the experiments conducted by Hakala et al.1 to study the Bose-Einstein
condensation of SLR-exciton-polaritons in dye-doped polymer films took advantage of the diffusion
of polaritons over a 200 μm distance in the SLR-supporting lattice, again suggesting that the SLR
coupling promotes the diffusion of excitons within the lattice plane.

1.4 What Are SLRs and RAs Really?

SLRs are the hybrid plasmonic-photonic modes that are formed in a one-dimensional (1D) or twodimensional (2D) lattice of plasmonic nanoparticles through the coupling of the dipolar localized
surface plasmon (LSP) oscillations of the individual nanoparticles with the RAs dictated by the
lattice geometry and lattice constant(s). The coupling between the LSPRs of the particles and RA
modes can also be seen as simply the mutual radiative coupling of many dipolar LSPRs. The term
“radiative” in this context does not mean “far-field”, which would imply the coupling of the LSPR
oscillations to the continuum of propagating photon modes in free space, which accounts for
scattering, absorption, and emission from these particles. Rather, in many literature reports and in
this dissertation, radiative coupling refers to radiative near-field coupling, in which the coupled
oscillators (plasmonic electric dipoles) are spaced at a distance that is too far for each oscillator to
be affected by its neighbor’s reactive near-field, but in which the electromagnetic (EM) fields
projected by the neighboring particle are still different from how they exist in the far-field.
Radiative coupling occurs roughly when the spacing between the particles is between 𝜆/2𝜋 and 2𝜆.
Some sources distinguish the RA as being a result of radiative coupling, while categorizing the SLR
as a mode formed from evanescent coupling56–58, but for this dissertation, a more useful delineation
is to say that the RA is the result of mutual radiative coupling of the dipolar LSPRs of the particles
constituting the lattice, and that the SLR results from the coupling of the LSPRs to the RA. In this
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sense, both RA and SLR can be attributed to radiative coupling, i. e. the type of dipole-dipole coupling
that occurs at distances roughly equal to one wavelength, beyond the range of the reactive near-field,
but shorter than the range at which the fields emanated by an oscillating electric dipole are clearly
far-field, propagating EM waves. In contrast, far-field coupling refers to interaction of two or more
oscillating electric dipoles mediated by a real (not virtual) photon. In other words, the electric field
of an electric dipole, which decreases with distance r from the dipole as r−3, cannot generally
influence another dipole at distances greater than ca. 10𝜆 unless the first dipole sheds some of its
energy to generate a photon that then propagates and impinges on the second particle. The
mechanism of radiative coupling, the type of coupling that generates RAs and SLRs in plasmonic
nanoparticle lattices with lattice constants roughly equal to 𝜆, is illustrated in Figure 1.1 for the
simplest possible lattice, a single pair of plasmonic nanoparticles.

Figure 1.1. Diagram of electric dipole radiation and radiative coupling. (a) shows a 2D cross-section of the radiation pattern
(cyan ovals) of an oscillating electric dipole (red arrow) in a plasmonic metal nanoparticle (grey circle). In 3D, when the
dipole loses energy as light (orange sine waves and arrows), the light is emitted in a disk or torus-like shape centered around
the plane perpendicular to the electric dipole moment. While the dipole does support strong evanescent fields very near the
surface of the particle along the dipole’s axis (above and below the particle in (a)) the radiative field electric field is most
intense in the plane that contains the center of the dipole and is perpendicular to the dipole moment, as represented by the
darker color of the cyan lobes in this plane. (b) shows two particles that can engage in radiative coupling, as in an SLR-
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supporting lattice. Here, the neighboring nanoparticles are spaced apart at a distance such that each particle will feel the
radiative near-field of the other particle. At shorter distances, the particles would feel each other’s reactive near field, and at
significantly longer distances the particles would only interact when the field of one particle was transmitted to the other
particle as a photon propagating in free space. But in the range of distances shown, the particles can feel each other’s
radiative near-field without the intermediate emission of a real photon being required59. (c) shows the same two particles,
except they are aligned axially, not equatorially as in (b). In this configuration, the particles cannot couple radiatively due to
the relative orientation of the diploes, although this orientation is ideal for producing plasmonic hot-spots by Coulombic
interactions when the interparticle distance is much shorter, and which point the finite separation of charges within the
particle becomes significant in calculating the fields they emanate, such that the particles cannot be treated like point dipoles
as they can in (b).

Both 1D and 2D SLR-supporting nanoparticle lattices can be considered diffraction gratings. In this
view, the RAs that a lattice supports are the special diffracted orders in which incident light of a
certain wavelength and angle-of-incidence (AOI) is diffracted so that it propagates in in the plane of
the lattice. In other words, light that falls upon the lattice with some AOI < 90° with respect to the
axis normal to the lattice plane is scattered by the grating so that it propagates within the lattice
plane, with angle-of-diffracted-beam = 90°. This concept is illustrated in Figure 1.2(A) below.
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Figure 1.2. Comparison of light diffraction, transmission, specular reflection, and absorption in a transmitting diffraction
grating or transmitting diffractive nanoparticle lattice upon excitation of a Rayleigh anomaly (RA) or a plasmonic surface
lattice resonance (SLR). The cartoon in (A) shows how incident light that is resonant with the RA is primarily transmitted,
with some portion of the incident light being diffracted into the plane of the grating or nanoparticle lattice. Note that for a
reflective grating, the same effect occurs at the RA, but specular reflection replaces transmission. The cartoon in (B) shows
how light that is somewhat redshifted from the RA is primarily absorbed into the dissipative SLR mode. Notably, for
transmitting gratings and lattices (lattices of metal particles in transparent media) the SLR also produces significant
specular reflection, and light emitted from fluorophores in or near the plane of the lattice will also be emitted according to
the SLR dispersion. While it may seem paradoxical that dissipative, absorbing modes such as plasmonic SLRs would also
exhibit specular reflection and emission, time-reversal symmetry requires that a mode that can absorb light can also scatter
(reflect) and emit light, so this behavior in which the high-extinction SLR mode is characterized by both high absorption and
higher-than background reflectivity is expected based on basic theory. Nevertheless, for most lattices of plasmonic particles,
in which the LSPRs of the particles are highly damped dissipative modes, the absorption of light by the SLR is expected to be
the main feature of the SLR, whereas reflection of light is less apparent, as was observed in the SLR white light transmission
and reflection spectra, in which most (ca. 80% typically) of the non-transmitted light was due to absorption, and only 20%
due to specular reflection.
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Note that the RAs can be 1st order modes (mx = 1) or higher order modes, but all of the modes, by
definition, involve light that is incident upon the lattice being diffracted to propagate parallel to or
within the lattice plane, such that the AOI for the diffracted beam is always equal to 90°. The SLRs
(Figure 1.2(B)) always occur at wavelengths somewhat redshifted from the RAs (also red shifted
from the uncoupled LSPR). This is because, while the RAs represent the diffraction edge, and
radiative coupling, the SLRs are a type of evanescent mode , in which the energy is passed from one
particle or row of particles to the next without being emitted into free space. Furthermore, due to
the dissipative nature of the LSPR oscillations that form the SLR, the SLR is dissipative too, such
that light that couples into it can be absorbed and converted to heat in the nanoparticle, or to high
energy electrons ejected from the particles into the surrounding dielectric medium.

Nevertheless, time-reversal symmetry does apply to SLRs. Therefore, while these are primarily
considered to be light-absorbing features, they also exhibit high reflectivity and, when there are
emitting materials in the lattice plane, high fluorescent emission. In other words, light that is in
incident on the lattice may be absorbed or transiently absorbed and re-radiated at an angle of
emission (AOE) that is equal to (or equal and opposite to, depending on the sign convention used)
the original AOI, resulting in specular reflection, and light generated within the lattice or at the
surface of the nanoparticles can be outcoupled from the lattice at one of the AOEs corresponding to
the emitted light’s wavelength and the dispersion of the SLR.

RAs (aka Wood’s anomalies, WAs) are Bragg modes or diffracted orders that propagate along or
parallel and adjacent to the surface of a grating, as originally described by R. W. Wood in 190260,61
and further described and analyzed by Wood62–64, Lord Rayleigh65,66, and others67–69, including,
notably, Ugo Fano70,71, the namesake of the Fano resonance. In his original 1902 article, Wood
noticed both bright and dark modes in the specular reflection, the broader dark regions always at
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wavelengths somewhat longer that the bright, narrow lines at any given angle of incidence. The
angle-of-incidence determined the wavelength at which both modes occurred. Concurrently, bright
lines appeared projected off of the edge of the grating, such that the beam of light was emanating
from the grating emerging skimming or tangent to the surface, parallel or nearly parallel to the
surface. Thus, the reflective, dispersive grating produced anomalous bright and dark bands at
certain wavelengths for incident light at certain angles, while also producing grazing-angle bright
bands at the same wavelength at which the bright bands due to intense specular reflection were
formed.

To reiterate, when plasmonic nanoparticles are arranged in periodic one- or two-dimensional
lattices, the dipolar localized surface plasmonic resonances (LSPRs) of individual particles couple
together radiatively to form what are known as surface lattice resonances (SLRs)—hybrid
electromagnetic modes that have both plasmonic and photonic characteristics, and which
propagate in the plane of the nanoparticle lattice. They can be described phenomenologically as
follows: when incident light at a certain wavelength impinges on a lattice of plasmonic
nanoparticles at a certain angle-of-incidence (AOI), the lattice diffracts the incident light to create a
new electromagnetic (EM) wave that propagates in the plane of the nanoparticle lattice. However,
unlike the incident light, the diffracted EM wave is not purely photonic: since it is propagating in the
plane of the lattice, the electric field of the wave exerts a force on the free electrons in the plasmonic
particles, driving oscillations of the dipolar LSPRs pf the particles. In turn, the particles re-radiate
some of the energy into the dielectric material in which they are embedded. Thus, the diffracted
light wave drives the particle resonances, and the LSPRs of the particles sustain the diffracted light
wave. The result is a propagating wave of electric polarization in affecting both the particles and the
space between them in the plane of the particle lattice. It is important to note, that this effect in
which energy is exchanged back and forth between the particles and the medium surrounding them
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is thought to be coherent, such that the electric dipole associated with the LSPR of a given
nanoparticle will oscillate in phase with the plasmonic dipoles of the particles around. This means
that the particles are also oscillating in synch with the photon-like part of the SLR, which is the
waves of polarization of the surrounding medium. This lateral spatial coherence has been measured
to be at least 10 𝜇m in length for a typical plasmonic lattice72, with far greater coherence lengths
being reported, up to the millimeter-scale6.

To discuss SLRs, first we must discuss LSPRs and RAs. SLRs are variously described as the radiative
(or diffractive, and sometimes the far field) coupling of LSPRs to each other, OR as the coupling of
the LSPRs to the RAs (sometimes called Wood’s anomalies). The nomenclature for the RAs or WAs
is not always consistent, and sometimes RAs or SLRs may be referred to as diffracted surface waves
or lattice plasmons. The semantic infidelity of these terms is bothersome, but I will here define the
terms as they will be used in this dissertation, and in a manner consistent with most of the
reference cited.

RAs are photonic modes, solutions to the Bragg diffraction equation, specifically the grating
equation, for which the angle of diffraction is 90° relative to the surface normal, where the surface
defines the plane containing the particle lattice. In other words, the RAs and the diffracted orders,
or the grating modes, of the nanoparticle lattice for which an incident light wave impinging at some
angle 𝜃 relative to the surface normal will be diffracted so that the diffracted wave propagates in
the plane of the lattice. Sometimes, this is referred to as propagating at a grazing angle. For a 1D
chain of particles, one can prove that the grating equation simplifies to the formula for RAs when
the angle of the diffracted light 𝜃Diff is set to 90°.
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It is important to realize that all of the modes (m = 1, 2, 3) other than the zeroth order mode
(regular transmission or specular reflection) occur at the same 𝜃Diff, 90°, such that these diffracted
beams all propagate in the plane of the lattice. This concentration of all the diffracted modes into
the plane of the lattice is a consequence of the short distance between the particles (roughly equal
to wavelength) relative to wavelength, which makes it so that even the first order mode has 𝜃Diff =
90°.

This may seem pedantic to point out, especially given that often only the 1st order modes are most
relevant, but it is important to see, that, given the definition and basic character of RAs and in-plane
modes, observation of them is tricky. Often the RAs, and the SLRs resulting from them, are not
observed positively, by the presence of light emanating from the grating or lattice at a grazing
angle, but measured negatively, as the light captured by the SLR is observed by its absence in the
transmission. Somewhat surprisingly, the RAs themselves show extraordinarily high transmittance.
Thus, at any given angle of incidence, one can identify the SLR as the wavelength at which light is
strongly absorbed by the lattice, and the RA at the slightly shorter wavelengths at which the lattice
has its highest transmittance. The RAs for transmitting gratings (lattices on transparent media such
as glass) are also expected to send some incident light out of the lattice at grazing angles, but for
small lattices (only 50 um x 50 um, for example), this grazing-angle-diffracted light may not be
detectable.

It is worth noting here that, although SLRs are primarily dissipative and absorbing modes, they can
be identified positively by specular reflection. In other words the SLR visible as a high extinction
mode in a white light transmission spectrum will also be apparent as a high reflectance mode in a
white light reflection spectrum. Reciprocity requires that light coupling in implies light can couple
out—so the SLR exhibits simultaneously a very high extinction and a relatively high specular
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reflection, e. g. for a certain angle and wavelength in the SLR dispersion, the transmittance may be
roughly 20%, and the reflectance 10%, indicating that 70% of the incident light is either absorbed
or diffusely scattered by the plasmonic SLR.

1.5 SLRs Are a Type of Fano Resonance

Fano resonances were discovered by Ette Majorana73,74 and explained by Ugo Fano in 196175,76.
Fano resonances are a general feature of waves and resonant wave-scattering particles. They were
originally discovered and described in the context of inelastic electron scattering by helium atoms,
in which a broad baseline or background electron scattering effect, in which helium atoms
inelastically scatter electrons with a relatively wide range of energies, overlaps with a much
sharper resonance, in which the helium atoms scatter electrons by a process that culminates in
ionization of the helium atom, which occurs only for electrons having a narrow range of energies.
The overlap of the narrow and broad scattering and absorbing (absorbing, since this is inelastic
scattering) resonances produces an asymmetric peak in the extinction spectrum of the high energy
electrons for helium. Analogously, SLRs and RAs, put together, form an asymmetric line shape for
the visible light extinction spectrum for an SLR-supporting lattice. For instance, at AOI = 22.5°,
starting from long wavelengths, such as 900 nm, an SLR supporting lattice embedded in an n = 1.48
medium (e. g. particles on a glass substrate, immersed in index-matching oil under a glass
coverslip) will transmit most of the incident light. As the wavelength gets shorter, the lattice will
start to absorb more light, and this effect gets much stronger and reaches is maximum (absorption
maximum) at the SLR wavelength, as seen in Figure 2.6 in the next chapter. However this resonance
does not have the symmetrical Lorentz line shape one expects for many LSPRs or microcavity
resonances, nor for uncoupled exciton resonances (barring asymmetry due to coupling between the
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electronic excitation and anharmonic vibrational modes). Instead, at wavelengths just slightly
shorter than the SLR absorption maximum, the lattice’s absorbance decreases rapidly with shorter
wavelengths (high energy photons), and reaches an absorbance minimum in a very narrow peak at
the RA wavelength. Moving then to shorter wavelengths, the extinction is still low, but usually
greater than at the absolute minimum at the RA wavelength. Therefore, instead of a Lorentz line
shape commonly see with various simple optical resonances (LSPR, Mie scattering resonance, Jaggregates excitons, quantum dots excitons, whispering gallery microcavities and planar
microcavities), in which extinctions and scattering are maximized at a certain resonances, with
extinction tapering off symmetrically at wavelength longer or shorter than the resonant
wavelength, the hybrid SLR resonances, results from the spectral overlap and coupling of a broad
LSPR and narrow RA resonances, produces a starkly and sharply asymmetric electrocardiogramlike line shape, in which the extinction minimum is adjacent to the extinction maximum. It is
noteworthy that these Fano line shapes occur in other hybrid photonic resonances and are known
to be useful in situations where high oscillator strength and intense electric or magnetic field
oscillations and localization are desirable, as in refractive index sensors, among other devices77–84.

1.6 Excitons

An exciton is a quasiparticle defined as a bound electron-hole pair in a material. Specifically, an
exciton is the quasiparticle that results when an electron is excited out of its lowest-energy state by
a photon, and electric discharge, a phonon (heat), an impinging electron beam, transfer of energy
from another material or molecule, or a chemical reaction. Regardless of the source of the exciton
energy, the exciton is an electron in an excited state, bound to the hole created by the excitation of
the electron, i. e. the one-electron vacancy in the molecule or atomic lattice, in what is usually the
HOMO of the molecule or the valence band of the material, which carries a positive charge equal in
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magnitude to the charge of the electron. It is key to distinguish excitons from unbound pairs of
holes and electrons. For a certain materials, an unbound pair of charge carriers has energy equal to
the band gap, whereas an exciton, the energy is somewhat less than the band gap, and the
difference in energy is the binding energy of the exciton. That is, excitons and unbound charge
carrier pairs can interconvert with the gain or loss, respectively, of an amount of energy equal to
the exciton binding energy. This exciton separation is a key process in solar cells and photoelectric
photodetectors, where photogenerated excitons must separate in order for current to flow, and in
electroluminescent devices (lasers and LEDs), where the opposite process must occur—charge
carriers injected into the active material by opposite electrodes must find each other and
recombine to produce light emission. This recombination of charge carriers is often attributed to
the formation of an exciton, if only transiently, prior to the decay of the electron into the vacant
state represented by the hole.

For molecules, an exciton can also be a single molecule in an electronically excited state, or an
excited state that is spread over several molecules, which may occur in crystals and molecular
aggregates with strong π-π stacking. In these cases, the hole can move between equivalent HOMOs
on several molecules, while the electron moves between equivalent LUMOs. For a single isolated
molecule, the presence of an exciton implies that there are two SOMOs in place of the HOMO and
LUMO that are present when the molecule is not excited.

Somewhat confusingly, optical physicists often refer to an exciton as though it were a mode, such
that the term “exciton” refers to the resonance itself, in the same way that “plasmon” may refer to
the LSPR of plasmonic particles in a film or colloid, regardless of whether the plasmonic modes of
those particles are presently excited. Similarly, some article will use “exciton” to refer to the
presence of the dye molecules that can host an exciton, even if these molecules are not excited at
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the moment. This is relevant when considering exciton-plasmon coupling, as the it is the number of
molecules that determines the strength of the coupling between modes; the molecules do not have
to be excited for the coupling to occur. Finally, the exciton of a dye molecule is fundamentally
related to the absorption spectrum/peak of the material or dye molecules—responsible for
scattering on its own. Exciton have an associated oscillating electric dipole—the transition dipole—
but this dipole is not purely a trait of the exciton, or the excited stationary state of the dye molecule.
Instead, dipole corresponding to exciton is the trans dipole, actually requires superposition of
excited state with ground state, or superposition of exciton populated and unpopulated state

1.7 Delocalization of Excitons by Polariton Formation for Solar
Cells and Other Devices
There are multiple ways to measure exciton mobility and diffusion length, and to characterize the
way excitons (or exciton-polaritons, in the case of strong coupling) move in a material (e. g.
ballistically or by hopping, FRET, DET). We settled on using FRET, dipole-dipole based from a
donor dye to an acceptor dye as proxy for exciton diffusion. In this method, the acceptor dye is
essentially a probe to permit the study of the transferability, quantified by the FRET radius, of
photogenerated excitons in the donor dye film, and how this transferability (a proxy for exciton
diffusion length and mobility in general) is increased, decreased, or unaffected by coupling of the
donor dye excitons to nanostructure-based photonic and plasmonic modes. Of course, the
particular FRET radii measured in these systems depend on both the donor, the modes coupled to
the donor, and on the acceptor, and it’s photonic mode coupling, so one cannot simply say that the
FRET radius is equal to the diffusion length of a donor exciton. Nevertheless, FRET (donor-acceptor
and homoFRET are considered to be one of the major mechanisms by which singlet excitons diffuse
through a condensed film, and FRET is used as a proxy for Frenkel exciton diffusion is many cases85–
93

(indeed, Forster’s 1948 paper94–96 on exciton energy transfer, from which FRET theory is derived,
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discussed transfer of energy between two identical methylene blue dye molecules by dipole-dipole
interactions, a process now known as self-transfer or homoFRET). Other ways to measure diffusion,
such as with confocal microscope, were difficult to use with these films of disordered dyes, since the
diffusion length for the uncoupled excitons was expected to be no more than 10 nm, and the beam
spot of the laser beam that excites the dye, even with a confocal microscope, is much larger, over
100 nm. This makes it difficult to discern exciton diffusion from simple excitation over a large area,
though it can be done and has been by some authors for disordered films coupled to a photonic
microcavity mode97 using time-resolved fluorescence imaging, and for exciton diffusion in
crystalline tetracene98. Other methods include using steady-state (that is, accumulated fluorescence,
not time-resolved) fluorescence imaging, combined with spectral imaging, in which the
fluorescence spectrum is measured at different points. For these studies, exciton or polariton
diffusion is distinguished from simple photon propagation by the evolution of the spectrum and
dispersion (wavelength-AOI relationship) of the emitted light(1,99). Steady-state fluorescence
imaging can also be used to approximate exciton diffusion in crystalline organic semiconductors
such as rubrene, in which the exciton diffusion is clearly anisotropic due to the crystal lattice100. The
anisotropy (elliptical shape) of the fluorescence image, despite the use of a circular excitation beam,
is one indication that the observed fluorescence image results from exciton diffusion and not simply
photon propagation. However, this method is not totally certain, since crystalline solids can exhibit
anisotropy in both the exciton diffusion length and the photon group velocity due to the different
periodicities and periodic potentials along different lattice vectors.

Another widely used method that seems more reliable that the direct method is to construct a
device, usually a thin film solar cell, using an organic semiconductor, or other excitonic material
(quantum dots, carbon nanotubes) and then to measure its performance for films of various
thickness. The exciton diffusion length in the vertical direction can be inferred form the change in

19

performance of the devices as a function of film thickness101–103. This would perhaps have bene the
optimal method to use in the study of the effect of SLR-coupling on exciton diffusion length, given
increasing effective exciton diffusion lengths for making enhanced thin film solar cells was indeed
one of the primary motivations for this work. However, making these test devices with varying
active-layer film thicknesses would have likely required making flat SLR-lattices with particles
embedded in the substrate. An analogous method could be used for lateral (in the plane of the film)
diffusion length measurement (should be the same for disordered films, but may be different due to
coupling) that involves lithographically defined electrodes at contacting the excitonic material at
different positions, measures diffusion of excitons laterally through the film along the axis
connecting the two. These ideas could be considered for future work involving SLRs or other modes
coupled to organic or quantum dot excitons, but given the potential difficulty in making consistent
devices, those systems should be well characterized optically before introducing electrical contacts
and making them into solar cells. LEDs could also be used to measure exciton diffusion in certain
systems, but these devices might be better suited to measuring hole and electron mobility, or triplet
exciton mobility, since these devices are designed to allow or maximize singlet exciton
recombination, not exciton diffusion.

The FRET-as-proxy method for testing the effects of coupling on exciton diffusion requires that
certain conditions be met to give conclusive results. For instance, the donor-acceptor pair must not
exhibit too much unassisted energy transfer (FRET that occurs when the coupled photonic or
plasmonic mode is absent). This can be difficult to accomplish with SLRs, because strong coupling
of the SLR to the donor dye’s exciton requires a large concentration of donor dye molecules in the
plane of the lattice, and this large donor concentration can create large apparent unassisted FRET
rates too, even if acceptor concentration is low, because as homoFRET can occur that effectively
relays an exciton from the donor on which it is generated through several other donor molecules
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and then to an acceptor104. Indeed, homoFRET in concentrated films of organic laser dyes in PMMA,
like those used in research presented here, can exhibit a different relationship between FRET
efficiency and intermolecular distance, ranging from the energy transfer relationship that normally
characterized surface-surface energy transfer (efficiency 𝜂surf-surf = (1 – R0/r)−2 through that
characterized by surface-dipole energy transfer (𝜂surf-dip = (1 – R0/r)−3) to the more familiar dipoledipole FRET efficiency that characterized dilute solutions (𝜂dip-dip = (1 – R0/r)−6). The authors of
this key study found, for PMMA films containing dye molecules in concentrations between 800 mM
and 0.2 mM, and average intermolecular separations of 2.76 nm to 20.5 nm, that “with no observed
dependence on molecular structure it is concluded that the concentration quenching rate in
singlet emitters follows a power law as kCQ = aR−3.1±0.7 with aggregation expected to increase the
magnitude of the observed power”, such that the net observed efficiency of fluorescence
quenching due to homoFRET in these films would be correctly approximated by the formula 𝜂film ≈
(1 – R0/r)−3.1±0.7.

In other words, concentrated films of dye molecules, even those in which the dye molecules are
unaggregated and separated from each other by an optically inert polymer such as PMMA, still
behave differently from dilute solutions when it comes to FRET. Therefore, simple FRET studies
using these films are not simple, and proper controls must be used. Specifically, the nature of the
FRET efficiency, both from homoFRET and donor-to-acceptor transfer, should be ascertained in
control samples (samples with just the dye films and spacer regions, without any additional
nanostructures or photonic or plasmonic modes present) so that the FRET radii and the correct
power law for predicting FRET rate and FRET efficiency for the donor and acceptor pair is known
before measurements with the donor and acceptor in the presence of the coupling mode are
undertaken, and the dye concentration and degree of aggregation in these control samples must be
the same as those used for the dyes in the experimental samples. For experiments with SLR-
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supporting lattices on glass substrates, the proper control samples would consist of the dye films
and spacer regions applied to the same glass substrate, but without and plasmonic nanoparticles.

In the experiments with energy transfer between two boron dipyrromethene (BODIPY) dyes
discussed in Chapter 2 of this dissertation, it was found that, even though the average donoracceptor distance is large from the point of view of a typical donor molecule, the unassisted FRET
rate was still be high, likely because the concentrated donor molecules may act as a conduit to
channel exciton energy through to the acceptors. This conflict arises in experiments with films or
solutions in which the donor and acceptor are mixed105–108, but is avoided when the two dyes are in
separate regions or layers on a surface or in a stacked heterostructure105,108,109, though keeping the
concentration of the acceptor low is still advisable if one wants to learn about the effects of
photonic mode coupling on the donor exciton generally, rather than about the effect of mode
coupling on FRET between the two particular dyes in question.

One can imagine investigating vertical energy transfer between different layers of donor and
acceptor dyes, or in-plane energy transfer between lithographically-defined patches of donor and
acceptor dye films. For either configuration, transfer over distances as long as the wavelength of the
resonant light are conceivable if the coupled mode involves radiative coupling as SLRs do (perhaps
para-radiative coupling would be a better term—interactions between oscillating electric dipoles
that are at distances less than about 2𝜆, but that are nevertheless evanescent, in that they are not
mediated by the creation of a real photon), and is coherent over several wavelengths, as the exciton
emission from SLR-coupled dyes is3, and this observation could be a very exciting revelation. But
any of these cases, one would need to be able to measure change decrease in donor lifetime to
prove that the increased energy transfer is due to some type of dipole-dipole or evanescent (pararadiative?) interaction, and not due simply to guided photon modes. Demonstrating a decrease in
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the fluorescence lifetime of the donor exciton when the acceptor is present is hard for strongly SLRcoupled donor excitons because a large concentration of the donor dye is needed for strong
coupling, and both the concentration and the coupling tend to minimize donor lifetime by
concentration quenching110 and radiative outcoupling (e. g. the Purcell effect43,111112) so that it
cannot be easily measured (unless you have very fast detection equipment with a very short
instrument response time) or that, even if it can be measured, it is not clear that the presence of the
acceptor decreases the donor lifetime any further than it is already decreased due to concentration
quenching and photonic mode coupling. To avoid this problem, so future endeavors to measure
increased FRET due to photonic mode coupling will have to find a donor-SLR system where the
lifetimes are still substantial and measurable. To this end, V-shaped SLRs (i. e. SLRs having a normal
dispersion, where frequency increases with increasing k||) modes would have been better than the
𝛬-shaped modes used here (SLRs having negative dispersions, where frequency decreases with
increasing k||), or could try with phosphorescent molecules or very long lived fluorescent
molecules, as Mikkelsen did43. Experiments with QD donors or thermally stable donors could be
good too—could remove the thermally unstable BODIPY acceptor with laser heating or selective
photooxidation to get very close comparison of coupled QD donor with and without the acceptor,
with all other things equal.

Ultimately, exciton delocalization is a vital to make excitonic solar cells more efficient11, and that is
the motive of these experiments with SLR-organic exciton coupling. Exciton delocalization could
also enhance photocatalysts and LEDs relying on excitons with high binding energy (Frenkel
excitons).
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Chapter 2. Equations Describing RAs and Design and
Fabrication of SLR-Supporting Nanoparticle Lattices
2.1 Design of SLR-Supporting Plasmonic Nanocylinder Lattices
Square lattices of Au, Al, Ag, and vertically layered Al-Al2O3-Al (Al-metal-insulator-metal or AlMIM) nanocylinders were fabricated on a 20 mm square, 700 μm-thick chip of borosilicate glass
using electron beam lithography (EBL) with PMMA as the resist, followed by electron beam
evaporation to deposit the metal and Al2O3, as needed for the particular lattices in question. Finally
lift-off in warm acetone was done to remove the excess resist and metal and Al2O3 films. The size,
location, and lattice constants of the lattices and the diameters of the constituent nanocylinders
were all defined in the computer-generated exposure pattern. Specifically, the exposure pattern
was defined by a DXF file made in AutoCAD and imported into the EBL system's control software
using the Elionix file-conversion interface.

The lattices were designed to cover 50 µm x 50 µm square regions on the glass substrate. The two
variables in the design of the lattices were the lattice constant, 𝑎, and the nanocylinder diameter, d.
Whereas d primarily affects the width, intensity, and center wavelength of the nanocylinders’ LSPR,
𝑎 determines the wavelengths and dispersions of the Rayleigh anomalies (RAs). The RAs are the inplane or grazing angle diffracted orders created by the periodic arrangement of the particles in the
lattice. The SLRs can be viewed as the hybrid modes resulting from the interaction of the LSPRs and
RAs together. The lattice constant, 𝑎, determines exactly the wavelengths and dispersions of the
RAs.

Although the lattices used in all of the experiments described in this dissertation were square
lattices, it is instructive to use the equations and theory pertaining to rectangular lattices when
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considering the relationship between the lattice constant(s) and the spectral position
(wavelengths) of the RAs. For rectangular lattices, specifically where the xy-plane is the plane of the
lattice, the z-axis is the surface normal, and the xz-plane is the optical plane-of-incidence, the
wavelengths of the RAs at each angle of incidence can be calculated by the expression41:
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Eq. 2.1
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Where (mx,my) is the Miller index for a given RA, 𝑎x and 𝑎y are the lattice constants of the lattice
along the x- and y-axes of the nanoparticle lattice, 𝜃 is the angle of incidence or emission relative to
the surface normal, n2 is the refractive index of the medium in which the particles are embedded,
and n1 is the refractive index of the last medium between the plane of the particles and the
collection objective, in this case air. Note that for this version of the RA equation, the plane of
incidence is restricted to being the xz-plane. Therefore, only one angle-of-incidence (AOI) needs to
be defined. The equation for the RA wavelengths for an arbitrary plane-of-incidence would be more
complicated, and would require two different AOIs. To understand this equation and how it allows
the spectral position of the RAs to be calculated, it is necessary to consider the Miller three types of
first-order RAs, the s-polarized (or “in-plane”) (±1,0) modes, the p-polarized (±1,0) modes, and the
p-polarized (0,±1) modes. The orientations of the plasmonic electric dipoles and the directions in
which the diffracted light propagates for these three types of modes are shown in Figure 2.1.
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Figure 2.1 Dipole orientations and propagation directions of first-order RAs and SLRs for rectangular and square lattices
when the plane-of-incidence is fixed and is the xz-plane. (A) s-polarized light excited electric dipoles (red arrows) in the metal
nanoparticles oriented along the y-axis, whereas (B) p-polarized light excites dipoles oriented within the xz-plane. For ppolarized light, the component of the dipole oriented along the z-axis is non-zero, and it is excitation of the z-axis oriented
dipole that permits diffraction of light into the lattice plane. (C) and (D) show that both s- and p-polarized light (blue waves
and arrows) excite RAs and SLRs that propagate along the x-axis (purple double headed arrows showing both (+1,0) and (1,0) modes). (E) (0,±1) RAs and SLRs, which can only be excited by p-polarized light when the plane-of-incidence is the xzplane, propagate along the y-axis.

Figure 2.2 shows the plotted wavelengths of these three types of RAs for a lattice with 𝑎x = 400 nm
and variable 𝑎y. This graph shows one of the advantages of rectangular lattices over square lattices,
namely that the (0,±1) modes, which depend only on 𝑎y, can be moved to different wavelengths
while leaving the (±1,0) modes, which depend only on 𝑎x, unchanged. Nevertheless, square lattices
were used throughout the experiments presented in this dissertation, so that either type of RA
mode could be used in same wavelength range for a given lattice. However, it is better to pick which
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type of mode one intends to use and to design rectangular lattices that will prevent the unwanted
mode from interfering.

Figure 2.2. Plotted dispersions of the first-order RAs for a rectangular lattice with 𝑎x = 400 nm and variable 𝑎y. The spectral
position of the (0,±1) varies linearly with 𝑎y, whereas the position of the (±1,0) RAs do not.

For square lattices, where 𝑎x = 𝑎y = 𝑎, the expression simplifies to:
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Using n2 = 1.48 for glass, PMMA, or index matching oil (one of the three media surrounding the
nanocylinders) and n1 = 1.00 for air, the expression for the wavelengths of the (±1,0) RAs can be
simplified further to
𝜆xy
±q,€ = 𝑎(1.48 ± 𝑠𝑖𝑛𝜃)

Eq. 2.3
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For square lattices, the two (0,±1) RAs, two degenerate modes that are, in principle, only excitable
by p-polarized light, intersect with the (±1,0) branches at k|| = 0, as revealed when (0,±1) are
substituted into Equation 2 for (mx,my):

k
k
k
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Eq. 2.4

The (±1,0) RAs represent two distinct diffracted orders that propagate in opposite directions. These
are observed as the red Saltire (X-shaped) features in the angle-resolved transmission spectrum in
Figure 2.6, intersecting at 𝜃 = 0° (at which angle k|| = 2π(radians)*sin𝜃/𝜆 = 0 as well). SLRs at any
given angle of incidence occur at longer wavelengths than RAs and LSPRs from which they are
formed, and SLRs are narrowest and most intense when the LSPR is centered at shorter
wavelengths than the RAs38. Specifically, the degree of redshift from RA to SLR at k|| = 0 decreases
as the lattice constant increases. This occurs due to the increasing “distance” between the RA
wavelengths and the LSPR center wavelength. In other words, as the RAs at k|| = 0 move away from
the center wavelength of the LSPR, the corresponding SLR becomes narrower and closer in
wavelength to the RAs from which it is formed.
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Figure 2.3. Dispersions of first-order RAs for square lattices with a = 355 nm in different index-of-refraction environments. (A)
shows the dispersion of a lattice embedded in air and measured with an air objective (n1 = n2 = 1.00). (B) shows the
dispersions for a lattice embedded in glass or PMMA (n1 = 1.00 and n2 = 1.48) measured with an air objective, and (C) shows
the dispersions for a lattice embedded in glass or PMMA an measured with an oil-immersion objective in which the immersion
oil has the same refractive index as the medium surrounding the lattice (n1 = n2 = 1.48). The SLR-supporting lattices were
measured using an air objective for collection and using index-matching oil or PMMA to coat the particles on the glass
substrate, so unless it is stated otherwise, the angle-resolved spectra presented in this dissertation reflect the dispersions
plotted in the middle graph (B). The only exceptions are the spectra shown in Chapter 5 for the Ag nanocylinder lattices.
These lattices were coated with a thin layer (~20 nm) of hBN without any other coating (no PMMA or immersion oil was
used). Therefore, these spectra show two sets of first-order RAs and the corresponding SLRs, namely the air-modes, for which
n1 = n2 = 1.00 as in (A), and the glass substrate-modes, for which n1 = 1.00 and n2 = 1.48 as in (B). These two sets of 1st order
RAs and SLRs are identified clearly in Figure 5.4(B).
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Figure 2.4. Plot of the dispersions for the first-, second-, and third-order RAs for a square lattice with 𝑎 = 355 nm, embedded in
PMMA on a glass substrate (n2 = 1.48) and measured with an air objective (n1 = 1.00). For each (mx, my) mode, there is a
degenerate mode (mx, −my). Since the my and −my are perfectly degenerate, showing both modes would be redundant, so only
the modes having my ≥ 0 are shown. Generally, the first-order RAs produce the most prominent SLRs in the transmission
spectra of a given lattice, but the higher-order modes do appear in several instances, as in Figure 2.4 below.
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Figure 2.5. Comparison of experimental angle-resolved transmission spectrum of a square lattice of Al metal-insulator-metal
nanocylinders with the calculated dispersions of the RAs. (See Section 3.3 for the experimental details on these lattices). The
spectrum on the left is identical to the one on the right, except that the calculated RA dispersions are omitted from the
spectrum on the left to allow the reader to see the extremely narrow RAs as they appear in the experimental spectrum as
high-transmission features. The spectrum shown on the right shows excellent agreement between the RA dispersions
calculated from the basic theory laid out by Lord Rayleigh in his interpretation of reflection spectra from metal gratings65. As
is shown here, the RAs form the diffraction “edge”, or the high-transmission lines that serve as the short-wavelength
boundaries on the absorbing SLRs (low transmission, 𝛬-shaped features).

2.2 Fabrication of SLR-Supporting Nanocylinder Lattices
Before application of the PMMA resist, the glass substrate was rinsed with acetone, methanol, and
isopropanol and dried under a stream of N2. Immediately before spin coating the PMMA onto the
chip, the substrate was cleaned by exposure to an O2 plasma for 5 min in a plasma asher (PVA
TePla Ion 40, 500 W RF power, 13.56 MHz, 500 sccm O2, ca. 775 mTorr chamber pressure).
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To facilitate lift-off and improve reproducibility, a bilayer of PMMA was used as the resist for EBL.
The first layer was a 200 nm thick layer of PMMA having an average molecular weight (MW) of 495
kg/mol, and it was applied by spin coating a 4 wt % solution of 495 kg/mol PMMA in anisole
(Microchem, 495 PMMA A4) onto the substrate at 4000 rpm for 60 s, and then baking the substrate
on a hot plate at 180 °C for 90 s. After allowing the chip to cool to room temperature, the top layer
of PMMA was applied by spin coating a 2 wt % solution of 950 kg/mol PMMA in anisole
(Microchem, 950 PMMA A2) on top of the 495 kg/mol layer at 4000 rpm for 60 s, and then baking
the coated chip at second time at 180 °C for 90 s.

To mitigate charging of the substrate and PMMA resist during EBL exposure, a 4 nm thick layer of
Au metal was sputtered on top of the PMMA resist bilayer using a Cressington 108 Auto benchtop
magnetron sputter coater, 20 mA current, 0.08 mbar Ar pressure. Note that other metal deposition
methods, including electron beam evaporation, produce ultraviolet light that effectively exposes the
PMMA, so these methods are not usable for application of the Au overcoat on top of the unexposed
PMMA.

The PMMA was exposed with the designed pattern on an Elionix ELS-G100 EBL system with a beam
voltage of 100 kV and a beam current of 500 pA and an area dose of 1000 µC/cm2.

Following exposure, the Au overcoat on the PMMA bilayer was removed by immersing the
substrate for 60 s in aqueous gold etchant solution (Transene, I2 and KI in water), then rinsing in
deionized water and drying under an N2 stream.

The PMMA bilayer was developed by immersing the substrate in a 3:1 (v:v) mixture of isopropanol
and water at 4 °C for a total of 4 minutes. The chip was immersed in the mixture, which was
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manually swirled for 1 minute, then sonicated for 1 minute, then manually swirled for 1 minute,
and sonicated again for 1 minute, at which point the chip was removed from the solution and dried
under a gentle stream of N2. The 3:1 isopropanol and water mixture was used for its high
contrast113 on PMMA compared to conventional PMMA developers such as methyl isobutyl ketone.
Additionally, the long immersion time of 4 minutes and the alternating periods of manual swirling
and sonication were found to improve the reproducibility of the process, presumably because
sonication facilitates the solvation and removal of exposed PMMA from within the fairly deep wells
in the PMMA film, which is necessary in order for the metal deposited later in the process to adhere
to the substrate.

To improve the adhesion of the deposited plasmonic nanocylinders onto the substrate, the
developed chip was descummed using an O2 plasma asher at low power (PVA TePla Ion 40, 200 W
RF power, 13.56 MHz, 200 sccm O2) immediately before the substrate was loaded into the vacuum
chamber for metal deposition.

The plasmonic cylinders were deposited by electron beam evaporation (EBE) of the metal. By this
method, the height of the pillars was determined by the evaporation rate (a function of the electron
beam current the EBE chamber) and the duration of the deposition step. The thicknesses used for
lattices of each metal are shown in Table 2.1, with diameters and spacing varied according to the
pattern with which the PMMA was exposed. The PMMA and excess metal film on top of the PMMA
were removed by soaking the chip in warm acetone for 30 min, with 30 s of sonication after the first
15 min, and another 30 s sonication at the end. This left a glass chip with multiple square lattices of
nanocylinders with various lattice constants and cylinder diameters.
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Table 2.1. Height of nanocylinders for each type of SLR-supporting lattice
Type of
nanocylinder
Au
Al
Al-MIM
Ag

Height
37 nm total: 2 nm Ti deposited first for adhesion to glass, followed by 35 nm Au
50 nm Al
120 nm total: 50 nn Al deposited first, then 20 nm Al2O3, then another 50 nm Al
100 nm total (protruding height above substrate): 2 nm Ge first for adhesion to glass, followed
by 100 nm Ag. After lift-off, the nanocylinders and substrate were coated conformally with 10
nm of Al2O3 by atomic layer deposition (ALD) to prevent oxidation. Since this layer coated the
glass substrate and Ag nanocylinders alike, it did not increase the extent to which the Ag
nanocylinders protruded above the substrate surface.

2.3 Application of Dye-Doped Polymer Films to SLR-Supporting
Arrays
No dyes were used for the Au or Ag nanocylinder lattices (though few-layer films of hBN were
applied to the Ag lattices, see Chapter 3). The Al lattices were coated with a film of PMMA
containing 1.45 M P580, a boron dipyrromethene (BODIPY). For the Al-MIM lattices, they were
coated either with a PMMA film containing 400 mM P580, or a PMMA containing 800 mM P580 and
8 mM of a second BODIPY dye to serve as exciton energy transfer acceptor, P650. The full IUPAC
names for these dyes are 2,6-di-n-butyl-1,3,5,7,8-pentamethylpyrromethene—BF2 (P580, MW =
374.32 g/mol) and 1,2,3,5,6,7-hexamethyl-8-cyanopyrromethene-BF2 (P650, MW = 301.15 g/mol)
were both purchased from Luxottica-Exciton, and a 4 wt % solution of PMMA (average MW = 950
kg/mol) in anisole was purchased from Microchem (950 PMMA A4).

The dyes were dissolved in the PMMA/anisole solution to make a solution that would produce the
desired molarity of dye in PMMA upon evaporation of the anisole solvent during spin coating. This
calculation uses the assumption that the dye-doped PMMA film has a density of about 1.18 g/ml.
From this density, the mass ratio of PMMA and dye in the anisole solution that is required to obtain
a certain molarity of dye in the solid film can be calculated.
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For each glass substrate with lattices to be coated with dye 100 μl of this mixed dye-PMMA-anisole
solution was spin coated onto the substrate. Spinning was done at 4000 rpm for 60 s to achieve an
approximately 200 nm thick layer, as confirmed by stylus profilometry (Bruker Dektak-XT).

2.4 Optical Measurements
Confirmation and characterization of SLRs was done using angle-resolved spectroscopy. Angle
resolved transmission spectra with s-polarized (electric field oriented along the y-axis as shown in
Figure 2.1(A)) white light from a tungsten-filament halogen lamp. For measurement of
transmission spectra, the side of the substrate with the nanocylinder lattices was covered with
refractive index-matching oil (Cargille type FF, n = 1.4811 at 546.1 nm and ≈ 1.48 throughout
visible range) and a 170 µm-thick glass coverslip. This was done so to make the environment
around the lattices have an approximately uniform index of refraction (n ≈ 1.48), which is a
precondition for obtaining the sharpest and clearest SLRs39 and avoiding the splitting of each RA
and SLR mode into a glass or substrate mode and an air or superstrate mode. For measurement of
angle-resolved transmission spectra of the lattices, the white light was focused on the lattices by a
100x, 0.6 numerical aperture (NA) objective (Olympus SLMPLN 100x, 0.6 NA, 7.6 mm working
distance), and the transmitted light was collected by a 50x, 0.8 NA objective (Olympus MPLFLN 50x,
0.8 NA, 1 mm working distance). Later, the angle resolved fluorescence spectra of the donor-PMMA
and donor-acceptor-PMMA films were measured using only the 50x, 0.8 NA objective with a beam
splitter for both excitation with the 488 nm pulsed laser and collection of the fluorescence emitted
from the films, while the reflected laser light was removed with a 500 nm long-pass filter.

35

Figure 2.6. Optical measurement details. The two diagrams at the top show the configuration of optical elements used to collect
angle-resolved transmission spectra. This measurement technique uses two objectives (one to illuminate the lattice with white
light, one to collect the transmitted light) to measure the transmittance spectrum of the sample at multiple angles-of-incidence
simultaneously. The set-up used is of the Betrand-lens-after-image-plane type described by Kurvits et al.114. The set-up for
measuring angle-resolved reflection spectra was the same, except the sample was illuminated using the 50X, 0.8 numerical
aperture objective, so that the this one objective was used for both illumination and collection of reflected light. For fluorescence
spectra, the reflection set-up was used, and the same was excited by a laser beam through the 50x 0.8 NA objective. For
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fluorescence measurements, a long-pass wavelength filter was placed in front of the spectrometer entry slit to remove the
reflected excitation laser light from the collected light before it reached the CCD detector. The image at lower left is an example
of an angle-resolved transmission spectra for an SLR-supporting lattice of 35-nm tall Au nanodisks on a glass substrate, a =
400 nm, d = 60 nm. This color map depiction allows the spectra at many angles of incidence to be viewed simultaneously, and
it reveals the shape of the dispersion of the SLRs, RAs, and LSPR in an intuitive way. Each vertical slice of the colormap can be
extracted and plotted as a conventional spectrum, as shown on the lower right for the five vertical colored lines drawn on the
colormap.
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Chapter 3. Characterization of SLRs Supported by Lattices of
Au, Al, and Al-MIM Nanocylinders and SLR-Exciton Coupling
3.1. Au Nanodisk Lattices
The angle-resolved transmission spectra of lattice of gold nanodisks, 35 nm thick, on Borofloat 33
glass substrates (700 um thick) are show in Figure 3.1 below. These spectral clearly showed the
expected relationships between lattice constant and the position of the RAs and SLRs, and also the
expected relationship between the wavelength of the LSPR and that of the SLR. In essence, the SLR
is most intense (in terms of the area under the SLR extinction peak) when the RA and LSPR are
closely aligned in terms of wavelength, however the SLR extinction is sharper (higher Q-factor)
when the RA is somewhat redshifted from the LSPRs. Note that the SLR is always redshifted from
both the RA and form the center wavelength of the LSPR from which the SLR is formed. Therefore,
the RA and LSPR wavelengths are define the minimum wavelengths that the SLR peak occurs at for
a given angle-of-incidence (AOI).

Figure 3.1. Angle-resolved transmission spectra of Au nanodisk lattices showing the variation of LSPRs and SLRs based on the
nanodisk diameter, d. The figure at the right shows the dimensions (wavelength and sin(𝜃),𝜃 = angle of incidence) of the
spectra. Note that the color scale representing the transmittance of the lattice at each wavelength and sin(𝜃) is particular to
each lattice. Different color scale were chosen to represent the shape, not the intensity, of the lattices comparatively.
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Figure 3.2. Angle-resolved transmission spectra of Au nanodisk lattices showing the variation of RAs and SLRs based on the
lattice constant (𝑎). The spectrum underneath the others shows the dimensions (wavelength and sin(𝜃),𝜃 = angle of
incidence) of the spectra. Note that the color scale representing the transmittance of the lattice at each wavelength is the
same for all of the spectra in the d = 150 nm row as it is for the enlarged spectrum shown below. As one would anticipate,
denser lattices (𝑎 = 200 nm) transmit less light than sparser lattices (𝑎 = 400 nm).

The Au disk lattices produced excellent SLRs for wavelengths longer than 600 nm, but lattice with
Au nanoparticles supporting LSPRs at shorter wavelengths were not feasible given that our
fabrication method could not easily produce particles smaller than about 50 nm in diameter, and
due to the onset of Au interband and intersubband transitions that produce absorption at these
shorter wavelengths (especially wavelengths shorter than 500 nm).
Table 3.1. Bulk plasma frequencies and limiting (minimum) SPP and LSPR wavelengths for four plasmonic metals.
Bulk plasma
†SPP
‡LSPR
*LSPR
115Bulk plasma
Metal
wavelength
wavelength/nm
wavelength/nm
wavelength/nm in
frequency/eV
(𝜆p)/nm
= 𝜆p/√2
= 𝜆p/√3
glass, = 𝜆p/2
Al
12.04
103
146
178
206
Cu
8.76
142
200
245
283
Ag
9.04
137
194
238
274
Au
8.89
139
197
242
279
† The minimum wavelength for light resonant with the SPP at high k|| at the metal-vacuum interface.
‡ For a small, spherical particle in a vacuum, ignoring discrete electronic interband and intersubband transitions which
tend to redshift the LSPR in real metal particles.
* For a small, spherical particle in a medium having index of refraction n = 1.5 (glass or PMMA, for example), ignoring
discrete electronic interband and intersubband transitions which tend to redshift the LSPR in real metal particles.
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3.2 Al Nanodisk Lattices and Coupling to BODIPY Dye P580
Rather be limited to the red and NIR regions of the UV-visible-NIR spectrum, I decided to use Al
nanodisk lattices to access SLRs in the shorter wavelength regions of the spectrum. Presently, Al is
well known as plasmonic material116, despite the fact that it is not one of the noble metals (Cu, Ag,
and Au) that are the most famous plasmonic elements. Al nanoparticles have been made to support
LSPRs in the ultraviolet and throughout the visible range117–121, and Al nanoparticles gratings and
lattices have been used to make SPPs122 and SLRs in the visible at various wavelengths7,41,123,124.
Thus, the breadth of wavelengths at which LSPRs of Al nanoparticles can resonate, varying with the
width and shape of the particles, is one key advantage that Al nanoparticles have over Cu and Au
nanoparticles. Meanwhile, although Ag nanoparticles can be used to access the LSPRs across the
visible range, similar to Al particles, they cannot access frequencies as far into the UV as Al can, and,
perhaps most importantly, Ag nanoparticles are prone to lose the plasmonic properties over a
matter of days in air, or a matter of hours in aqueous suspension, due to their tendency to form
porous oxides (or, in some cases, sulfides) and oxidize all the way through the nanoparticle. In
contrast, Al nanoparticles for a very dense, hard oxide, about 3 nm thick in air almost instantly, but
that Al2O3 shell does not permit diffusion of O2 into the interior of the particle, and thereby protects
the metallic Al interior of the particle from oxidizing, such that Al nanoparticle in air appear to
maintain their plasmonic properties indefinitely. A major drawback of using Al nanoparticles is that
the LSPRs tend to be much broader, having lower Q than Au and Ag resonances. This breadth
becomes especially pronounced, FWHM over 100 nm, when large particles, e. g. disks with
diameters over 150 nm, are used to push the center of the Al LSPR to wavelengths longer than 500
nm.

The angle-resolved transmission spectra of 50 nm thick Al nanodisks are shown in 1.6.2. Again, as
with Au, these spectra show that the RAs and SLRs very reliably shift to longer wavelengths with
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increasing lattice constant as predicting by Equation 1.5.1 above. Meanwhile, larger particles show
broader and redshifted LSPR resonances, which tend to produce broader SLRs, as is shown in the
series of spectra for lattices with lattice constant 𝑎 = 350 nm, where the LSPR and SLR both get
wider as the particle diameter, d, increases from 60 nm to 130 nm.
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Figure 3.3. Angle-resolved transmission spectra of Al nanodisk lattices on glass. The spectrum at lower left shows the
dimensions (wavelength. sin(𝜃), where 𝜃 = angle of incidence, and transmittance color scale) of the spectra for a = 250-500
nm, while the spectrum at lower right shows the dimensions of the spectra for a = 550-700 nm.
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When these lattices were coated with 1.45 M film of Pyrromethene 580 (P580, a BODIPY dye, used
as the donor in the energy transfer experiments Chapter 2) the transmission spectra clearly show
evidence of strong coupling, in that the RAs and SLRs bend sharply as they approach the onset of
the P580 absorption band, centered at 518 nm, to avoid crossing it. The shapes of these “bent” SLRs
are attributed to the formation of exciton-SLR polaritons in the literature when they were observed
in experiment with various plasmonic particle lattices and small-molecule dyes72,125–127, so it is quite
reasonable to interpret that this is true here as well: the bend SLRs are in fact the lower polaritons
formed by hybridization of the SLRs with the P580 excitons, and the upper polaritons are not
visible or obscured due to the intense absorption of the P580 uncoupled dye molecules (since
coupling is known to often include only the molecules within 50 nm of the plasmonic particle
surface)128. However, for one angle resolved reflection spectrum for the lattice with 𝑎 = 250 nm and
d = 100 nm, shown in 1.6.3, there are high-reflection lines (pale blue curves) at 400-475 nm that
might indicate the upper SLR-exciton-polariton, or the RA that is associated with this SLR
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Figure 3.4. Angle-resolved reflection spectra of Al nanodisk lattices coated with a 200 nm-thick film of 1.45 M P580 in PMMA.
The left spectrum shows the reflectance of white light relative to an uncoated Ag mirror for the lattice with a = 250 nm and d
= 100 nm. The most likely explanation for why the reflectance exceeds 1.0 is that P580 is a highly fluorescent dye, and that it’s
fluorescence intensity was likely enhanced by the dense lattice of nanoparticles, which can increase both the light absorbed
by the dye and the emissivity of the dye. Thus, the peak “reflectance” at around 600 – 650 nm is likely a mixture of true
reflectance and fluorescence from the P580 dye. In contrast, the pale blue curves between 400 and 480 nm are more likely to
be true reflectance values, since they occur on the short-wavelength side of the dye absorption maximum at 520 nm. The
spectrum at right is the shows the reflectance of white light relative to an uncoated Ag mirror for the lattice with a = 400 nm
and d = 133 nm. This spectrum does not show as much fluorescence as the one on the left, but it does show very strong
bending of the RAs and SLRs to avoid crossing the exciton (dye absorbance maximum) at 520 nm. Note how the RA, normally
having an X-shape, is now bent, having a curved shape for both the (1,0) and (-1,0) branches.

It is not clear if these high reflectance lines represent the SLRs themselves or the RAs (which
usually are delineated as transmission peaks, absorption valleys). If these curves do indeed indicate
the upper polaritons, then there is a bandgap of about 50 nm in between the upper and lower SLRexciton polaritons, which would indicate very strong coupling, likely due to the very high
concentration, 1.45 M, of P580.
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Despite these results, there is still some doubt as to whether SLRs really exhibit strong coupling to
organic excitons. Indeed, there is an alternative explanation for the bending of the SLRs, which is
that the position of the SLR depends on the refractive index, n, of the material in which the lattice is
embedded (see 1.5.1). General, n increases sharply in a material as one approaches a resonance or
transition moving from longer to shorter wavelengths. A sharply increasing refractive index as the
exciton resonant wavelength is approached from the long-wavelength side would indeed have the
effect of making the RAs and SLRs increasingly redshifted, making them appear to “bend” as if they
were avoiding crossing the exciton resonances wavelength. It is even possible that this explanation,
which attributes SLR bending to the refractive index, is not really an alternative to the strongcoupling/polariton theory, but rather an equivalent explanation to the polariton formation
description, since polariton composition is characterized by the Hopfield coefficients, derived from
a paper by Hopfield in which he sought to describe the effect of high concentrations of excitonic
molecules on the refractive index of the material in which they were embedded129.

One way to test these two explanations would be to make a lattice in which the dye molecules only
exist in a roughly 20 nm or 30 nm thick shell around each plasmonic particle. With such a lattice,
the excitons could couple to the LSPRs and the SLRs of the lattice, but the refractive index of the
bulk of the material between the particles, which would be free of dye molecules, would have the
same refractive index as the undoped material (PMMA in this case), which is more or less constant
across the visible spectrum, and which therefore cannot cause the RAs or SLRs to “bend”. If the
SLRs do not bend in the spectra of this lattice, despite the visible presence of exciton absorption and
fluorescence features in the spectra of the dye-coated lattice, then that would indicate that the SLR
bending observed in the spectra of lattices embedded in a continuous slab of heavily dye-doped
polymer is better attributed to the effect of the excitons on the refractive index of the dye-doped
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polymer in which the lattice is embedded, and is not necessarily due to polariton formation directly.
However, even that result may not be totally conclusive, as various explanations would be for why
polaritons would not produce obvious “bending” or anti-crossing of the SLRs with the dye excitons.
Furthermore, if the spectra of the hypothetical lattices, in which the dye is present only in a thin
shell around each plasmonic particle, looks the same as the spectra in Figures 3.4 and 3.5, and
shows SLRs bending to avoid crossing the exciton absorption line, that result would not settle the
question, since it could be argued that the effective index experienced by the lattice is still heavily
altered by the presence of the dye molecules. These experiments and considerations will be left to
future researchers in the SLR-exciton coupling subfield.

The fluorescence spectra of the Al particles coated with P580 were recorded, and are shown in
Figure 3.6 below. These spectra clearly show that the emission form the P580 molecules is spatially
filtered by the SLR, such angle of emission (AOE) of the P580 fluorescence varies with wavelength
in a manner exactly matching the dispersion of the SLRs. In other words, the light-absorbing modes
(blue ∩- or 𝛬-shaped features) of the SLR-exciton-polariton in the white light transmission spectra
in Figure 3.5 match the SLR-coupled fluorescence (red ∩- or 𝛬-shaped features) in the fluorescence
spectra in Figure 3.6. However, the fluorescence spectra put the strong-coupling/polariton theory
in doubt, since, unlike for strong coupling of a dye to a microcavity photon, the angle integrated
fluorescence spectrum of P580 is roughly the same with or without the particle lattices. In other
words, while the angle-resolved fluorescence spectra of the dye-doped PMMA film look very
different than the angle-resolved spectrum from the same film on the bare glass substrate, the
angle-integrated spectra look the same. The SLR-coupling seems to merely direct or spatially filter
the light—which is a potentially useful interaction in its own right—but the coupling of the dye to
the SLR does not split or strongly alter the shape or wavelengths of the P580 emission peak. This is
another indication that the interaction between the dye and SLRs may not be true strong coupling
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or polariton formation, which would be indicated by splitting or sharp red-or-blue shifting of the
dye emission peak, as seen with coupling of dye excitons to microcavity photons and colloidal
plasmonic particles, but rather it maybe a related phenomenon due to a combination of weak LSPRexciton coupling, radiative outcoupling of emitted light by the SLR (grating coupling), the Purcell
effect (an increased emission rate for dyes near a plasmonic particle), and refractive index effects of
the lattice (which may account for the altered SLR dispersion when the dye is present). These
different explanations for the observations made in these spectra would require further theoretical
work and further experiments to fully resolve, however it is clear that the dye emission does couple
into the SLR, and that the SLRs bend to avoid crossing the dye exciton when the lattices are
embedded in a heavily dye-doped polymer film. These results corroborate the results obtained by
other groups with various other laser dyes and nanoparticle lattice combinations1,127,130,131.

Figure 3.5. Angle-resolved transmission spectra of Al nanodisk lattices coated with 200 nm-thick film of 1.45 M P580 in
PMMA. The spectrum at lower right shows the dimensions (wavelength. sin(𝜃), where 𝜃 = angle of incidence, and
transmittance color scale) used for all of the spectra. Notice that the dye absorption (blue band) look virtually identical in all
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of these spectra, except for the a = 300 nm lattice, where the absorbance of the dye seems slightly more intense, and the a =
350 nm spectrum, in which the dye’s absorbance seems diminished and potentially split, which might indicate strong coupling
of the P580 exciton (centered at 518 nm) to the SLR.
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Figure 3.6. Angle-resolved fluorescence spectra of Al nanodisk lattices coated with 200 nm-thick film of 1.45 M P580 in
PMMA. The spectrum at upper right shows the dimensions (wavelength. sin(𝜃), where 𝜃 = angle of incidence, and
transmittance color scale) used for all of the spectra.

3.3. Al-Metal-Insulator-Metal Nanocylinder Lattices and
Coupling to P580
Following the experiments with 50 nm thick Al single disks, lattices of vertically layered Al-Al2O3-Al
nanocylinders (Al-MIM for aluminum metal-insulator-metal) were fabricated and characterized in
the same manner as the Au and Al nanodisk lattices. The Al-MIM nanocylinders varied in diameter,
but all consisted of three layers, 50 nm of Al metal, followed by 20 nm of Al2O3, and then another 50
nm Al metal. The goal of these lattices was to achieve greater oscillator strengths with Al
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nanoparticles without resorting to using tall continuous metal Al pillars, which might be prone to
exhibit broadened or redshifted LSPRs, (though I don’t believe this to be true now. It is what I
believed at the time). The original coal was to make a series of samples with Al single disk, Al-MIM
nanocylinders, and tall (120 nm) Al metal nanocylinders and compare their performance, but due
to material constraints, only the Al-MIM lattices were made. Nevertheless, the Al-MIM lattices
qualitative produced very clear SLRs as seen on the angle resolved transmissions spectra in Figure
3.7. Furthermore, when coupled to the BODIPY dye P580 by coating with a film of PMMA containing
400 mM P580, coupling was observed in the bending of the SLR bands and the fact that the P580
dispersion followed the Al-MIM SLR dispersions, as evidences in the SLR fluorescence spectra in
Figure 3.8. These lattices were also used for the energy transfer experiments using P580 as the
donor dye and P650 as the acceptor, which are described in Chapter 4.
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Figure 3.7. Angle-resolved transmission spectra of Al-MIM nanodisk lattices. The spectrum at lower right shows the
dimensions (wavelength. sin(𝜃), where 𝜃 = angle of incidence, and transmittance color scale) used for all of the spectra.
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Figure 3.8. Angle-resolved transmission spectra of Al-MIM nanodisk lattices. The spectrum at lower right shows the
dimensions (wavelength. sin(𝜃), where 𝜃 = angle of incidence, and transmittance color scale) used for all of the spectra.

As evidenced by the angle-resolved transmission and fluorescence spectra of the Al and Al-MIM
lattices with P580, Al is a suitable material for supporting SLRs across the visible wavelength range,
and these lattices can interact strongly with small molecules laser dyes such as BODIPYs that are
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coated onto o the lattices. These observations suggests that Al-SLR-BODIPY systems could be used
to make flattened, on-microchip laser cavities48 and OLEDs with enhanced and directional
outcoupling of the light emitted by small molecule dyes, quantum dots, or emissive polymers.
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Chapter 4. Plasmonic SLRs on Lattices of Al/Al2O3/Al
Nanocylinders and Their Influence on Donor Dye
Fluorescence and Exciton Energy Transfer Between Two
BODIPY Dyes
To study the effect of surface lattice resonances (SLRs) on energy transfer, SLR-supporting square
lattices of vertically layered Al-Al2O3-Al nanocylinders were fabricated onto a glass substrate. The
substrate and lattices were coated with a film containing 800 mM (20 wt %) of the donor dye
(P580) and 8 mM (0.16 wt %) of the acceptor (P650) dispersed in poly(methyl methacrylate) and
the film's fluorescence spectra on the substrate and lattices were studied. In the absence of any
SLR-supporting lattice, the fluorescence of the donor dye was less than that of the acceptor, with a
donor-to-acceptor peak fluorescence ratio of 0.45, indicating that energy was readily transferred
from donor to acceptor. In contrast, on a lattice that supports an SLR at 551 nm at k|| = 0, coinciding
with the donor dye emission peak at 550 nm, the fluorescence of the donor dye exceeded that of the
acceptor, giving a donor-to-acceptor peak fluorescence ratio of 5.4. Additionally, the film exhibited
a greater absolute donor fluorescence and a lesser absolute acceptor fluorescence on this lattice
than on those that supported SLRs at other wavelengths. These results suggest that the SLR that
coincides at k|| = 0 with the donor dye's emission peak enhances the radiative decay of the donor at
the expense of energy transfer to the acceptor. Notably, the SLRs that coincided with the donor
emission peak at larger values of k|| (at angles of emission of ca. 20° or 50°) did not have this effect.
These results are summarized visually in Figure 4.1.

The details of the lattice design, fabrication, and optical characterization specific to this series of
substrates and experiments, and the equations dealing with exciton energy transfer are detailed in
Section 4.4 at the end of this chapter.
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Figure 4.1. Illustration of the effect of Al-MIM SLRs on donor dye fluorescence and energy transfer from donor to acceptor.
When there is no Al-MIM lattice and no SLR for the donor dye fluorescence to couple to, exciton energy transfer occurs
spontaneously faster than radiative decay of the donor, leading to more intense fluorescence from the acceptor than from the
donor. When the blended dye film is coated on an Al-MIM lattice that supports and SLR centered at the donor dye’s emission
peak at k|| = 0, the radiative decay rate of the donor dye is increased, per Fermi’s Golden Rule. As a result, the radiative decay
of the donor dye is now faster than energy transfer to the acceptor, such that the donor dye emits more strongly than the
acceptor when the donor exciton is coupled to the SLR. SLRs that are not resonant with the donor dye’s emission peak at k|| =
0 do not have this effect, and the fluorescence spectra from the film on these lattices is similar to the spectrum of the film on
the bare glass substrate. Therefore, only the SLRs that are resonant with the donor dye’s emission peak at k|| = 0 enhance the
donor’s radiative decay rate enough to allow radiative decay of the donor to out-compete energy transfer to the acceptor.
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4.1 Background on Photonic Modes and Exciton Energy
Transfer
When plasmonic nanoparticles are arranged in two-dimensional (2D) lattices, the localized surface
plasmon resonances (LSPRs) of the individual particles mutually interfere to form extended modes
known as surface lattice resonances (SLRs). Several studies have demonstrated the utility of SLRs
for producing narrow, high-Q optical resonances with controllable linewidths and dispersions
determined by the lattice geometry and nanoparticle diameter7,38–41.

Like other plasmonic and photonic modes, SLRs can couple to the excitons of dye molecules located
in the plane of the SLR-supporting lattice. This SLR-exciton coupling can produce a range of effects,
including shortened exciton lifetimes with increased emissivity (the Purcell effect)42,43, and
directional emission from films of randomly oriented dye molecules5 or carbon nanotubes
(CNTs)44–46, where the angle of emission follows the dispersion of the SLR. In addition, SLR-exciton
coupling has been harnessed to generate low-threshold lasing from thin films of dye-doped
polymers and liquid dye solutions6,7,47–54, and even Bose-Einstein condensation of SLR-exciton
polaritons1.

Several studies suggest coupling the highly localized Frenkel excitons of organic molecules to
laterally extended SLRs can “delocalize” the excitons and increase their diffusion lengths. Zakharko
et al. observed that SLRs promoted exciton diffusion over distances as far as 20 μm in thin films of
CNTs55. Likewise, the experiments conducted by Hakala et al.1 to study the Bose-Einstein
condensation of SLR-exciton-polaritons in dye-doped polymer films took advantage of the diffusion
of polaritons over a 200 μm distance in the SLR-supporting lattice, again suggesting that the SLR
coupling promotes the diffusion of excitons within the lattice plane.
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Studies such as these on how photonic and plasmonic modes, including SLRs, can potentially extend
the diffusion length of organic excitons are highly relevant for the future of organic solar cells.
Although organic solar cells are potentially much cheaper to produce than conventional crystalline
silicon solar cells, they are significantly limited in their efficiency due to the short diffusion lengths
of the photogenerated excitons in the organic light-absorbing layers of the cell. Increasing exciton
diffusion lengths using photonic and plasmonic modes could significantly enhance organic solar
cells11.

There are many mechanisms for exciton diffusion. For singlet excitons, Förster resonant energy
transfer (FRET), the transfer of excitation from one molecule to another by dipole-dipole
interactions over short distances (usually within 10 nm), is a major contributor. FRET is frequently
either used to model exciton diffusion89,132, or is accounted for in models describing exciton
diffusion in materials and devices90,91, and one study found that the diffusion length, Ldiff., of singlet
excitons in crystalline films of small molecule dyes could be approximated based on the
experimentally measured FRET radius, R0 (i. e. the homo-FRET or self-transfer radius) using the
simple expression: 𝐿Š‹ŒŒ. =

q x••
√Ž ‘ ’

, where b is the lattice constant of the dye molecules in the film

assuming a simple cubic lattice92. Based on these studies, it is not unreasonable to treat FRET
between two different dyes as a proxy for exciton diffusion. More specifically, one could reasonably
expect that forms of SLR-exciton coupling that enhance or inhibit FRET would likewise enhance or
inhibit exciton diffusion, at least as far as singlet excitons are concerned. Additionally, energy
transfer itself has been used in solar cells132–139. The research reported in this article was motivated
by both of these considerations: FRET as proxy for exciton diffusion, a vital process in organic solar
cells, and FRET itself as a means to enhance organic solar cells.
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Multiple studies show that various confined photonic modes, specifically photonic crystal
resonances109, microcavity photons105,107,108,140, and surface plasmon polaritons, SPPs141,142, can
enhance energy transfer from a donor dye to lower-energy acceptor dye, resulting in the transfer of
energy over distances greater than those permitted by unenhanced Dexter (≤ 1 nm) and Förster
resonant energy transfer (FRET, ≤ 10 nm).

Given the potential for SLRs to delocalize organic excitons in the lattice plane and the demonstrated
capacity of various low-dimensional photonic and plasmonic modes to increase the efficiency of
energy transfer between dyes, we hypothesized that coupling a donor dye and SLR would increase
the rate of energy transfer between a donor and an acceptor when the two blended together in a
film covering the SLR-supporting lattice.

To test this effect, SLR-supporting square lattices of vertically layered Al-Al2O3-Al (Al-MIM for Almetal-insulator-metal) nanocylinders were fabricated onto a glass substrate. A film containing 800
mM (20 wt %) of the donor dye (P580) and 8 mM (0.16 wt %) of the acceptor (P650) dispersed in
poly(methyl methacrylate) (PMMA) was spin coated onto the glass substrate and SLR-supporting
lattices, and the film's fluorescence spectra on the bare substrate and on the lattices were studied.

4.2 Effects of Al-MIM Nanocylinder SLRs on Fluorescence and
Energy Transfer Between P580 and P650
Square lattices of Al-MIM nanocylinders, of various diameters and lattice constants (a) were
fabricated by electron beam lithography (EBL) on a 700 µm thick borosilicate glass substrate. All
details are described in Methods, and optical microscope images, scanning electron microscope
(SEM) images and dimensional diagrams of the lattices are shown in Figure 4.2.
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The choice of Al as the plasmonic metal for elements in the SLR-supporting lattices was made due
to the capacity of Al nanoparticles to support LSPRs116,117,119 and SLRs41,123,131 across the visible
range, whereas Au nanoparticles, frequently used for SLRs, generally cannot support resonances for
𝜆 < 500 nm due to the onset of interband absorption. Although Ag nanoparticles can also support
LSPRs and SLRs across the visible range, they tend to oxidize, such that their plasmonic properties
diminish rapidly within days or weeks following fabrication unless a passivating layer of Al2O3 or
another inert, impermeable material is coated onto the Ag nanoparticles. Al nanostructures do not
require a the application of an passivating layer because Al nanoparticles and films spontaneously
form an approximately 3 nm thick layer of Al2O3 upon exposure to atmosphere that prevents
further oxidation, thus preserving the metallic and plasmonic properties of the underlying
nanostructures116.
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Figure 4.2. Images of Al-MIM lattices showing nanocylinder dimensions, fabrication process, and color for reflected light.
(a) Illustration (front view) of a square lattice of Al-MIM nanocylinders on a glass substrate showing the variable lattice
constant, a, and the dimensions of the Al-MIM nanocylinders, which are the same in all four lattices that were used for
energy transfer experiments. (b) Artistic depiction of the excitation of an SLR in the nanocylinder array, with axes labeled.
The x and y axes are the axes of the square lattice of nanocylinders, the z axis is the axis perpendicular to the plane of the
lattice, and the plane of incidence for the transmitted light is the xz plane (as determined by the orientation of the entry
slit to the spectrometer). The diagram shows the coherent, in-phase excitation of the dipolar LSPRs of the Al-MIM
nanocylinders, (red arrows) for s-polarized light, where the LSPR dipoles are oriented parallel to the y-axis. (c) Depiction
of the fabrication process, consisting of three basic steps, electron-beam lithography to produce a lattice of holes in the
PMMA film (top), followed by metal deposition (middle), and lift-off in warm acetone (bottom). (d) Two bright-field optical
microscope images (20x magnification for upper image, 10x for lower) of the finished arrays of Al-MIM pillars. Each square
patch of particles is 50 μm x 50 μm in area. (e) Scanning electron microscope (SEM) micrographs of Al-MIM nanocylinder
lattices. The upper image shows a lattice having a = 270 μm and d = 45 nm, while the lower image shows a lattice having
a = 270 μm and d = 150 nm.

The choice to use relatively tall (120 nm total height) Al-MIM nanocylinders instead of shorter (3050 nm tall) was made with the aim of increasing the absorbance, reflectance, and grating efficiency
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of the SLRs by increasing the scattering cross sections of the nanocylinders. This choice was
inspired by reports of SLRs lattices made of Ag- and Al-MIM nanostructres143–145.

The two boron dipyrromethene (BODIPY) dyes that were chosen for the energy transfer
experiments were selected for their ability to undergo FRET, their high quantum yield, and for their
absorption spectra, which showed that the donor, P580, would absorb appreciably at the available
excitation wavelength, 488 nm, while the acceptor, P650, exhibits little absorption at this
wavelength.

After the angle-resolved transmission spectra of various lattices were collected the 100 nm lattices
were selected for dye coupling and energy transfer experiments. In all, thirteen lattices with various
lattice constants ranging from 203 to 473 nm were studied for their coupling to the donor dye,
P580, and of these, the lattices with a = 253, 304, 355, and 405 nm were selected for energy
transfer experiments. These lattices support SLRs at k|| = 0 that span the region in which the dyes
absorb and emit, specifically at 462, 502, 551, and 615 nm, as determined experimentally from the
transmission spectra of the lattices without dye (Figure 2(a)). For the following discussion of these
lattices and their spectra, the plane containing the Al-MIM lattice is referred to as the xy-plane, and
the optical plane of incidence with which the angle-resolved spectra were measured then the xzplane. Under these designations, ky = 0 and k|| = kx as in Equation 1:
𝑘|| = 𝑘| =

2𝜋(radians) ∗ sin (𝜃)
𝜆

Eq. 4.1

To assess the influence of the SLRs on energy transfer between the BODIPY dyes, the two dyes were
and with poly(methyl methacrylate) (PMMA) were dissolved in anisole and spin coated onto a glass
substrate in a film containing 800 mM (20 wt %) of the donor dye and 8 mM (0.16 wt %) of the
acceptor dye. These concentrations were selected so that both dyes would exhibit measurable
fluorescence intensities. Additionally, the high concentration of the donor dye in the donor61

acceptor-PMMA film was used to maximize the strength of the coupling between the donor dye’s
exciton and the SLRs146, in accordance with the principle that the strength of the coupling between
excitons and given photonic mode increasing with √(N/V), where N is the number of excitonbearing molecules, and V is the mode volume of the photonic resonance.

Spectroscopy of the Al-MIM lattices and BODIPY dyes
On the bare glass substrate, in the absence of any Al-MIM structures, the acceptor's fluorescence
peak intensity at 609 nm, 𝐼y– , exceeded the donor's peak fluorescence intensity at 550 nm, 𝐼—– , giving
a ratio, 𝐼—– ⁄𝐼y– , of 0.45, indicating that energy transfer from donor to acceptor is occurring. When the
same film was coated onto the SLR-supporting Al-MIM lattices, the values of 𝐼—– , 𝐼y– , and their ratio
varied according to the extent to which the SLR at k|| = 0 overlapped with the donor's fluorescence
peak at 550 nm. The SLRs at 462 and 502 nm marginally increased the 𝐼—– ⁄𝐼y– ratio to 0.63 and 0.61,
respectively, and the SLR at 615 nm decreased the 𝐼—– ⁄𝐼y– ratio slightly to 0.38. In contrast, the SLR at
551 nm drastically increased the 𝐼—– ⁄𝐼y– ratio to 5.4, such that the emission from the donor dye
exceeded that of the acceptor. This difference in the fluorescence spectrum of the donor-acceptorPMMA film when it is coupled to the 551 nm SLR compared to the other SLRs is apparent in the
angle-resolved fluorescence spectra shown in Figure 4.3(b) and in the angle-integrated
fluorescence spectra in Figure 4.4.

Furthermore, the absolute intensities of the donor and acceptor dye fluorescence peaks in Table 4.1
show that the 551 nm SLR increased 𝐼—– ⁄𝐼y– by both an increasing 𝐼—– and decreasing 𝐼y– compared to
the other SLRs. The observation that the maximum 𝐼—– and minimum 𝐼y– values measured occur
together for the 551 nm SLR suggests that the SLR that is resonant with the donor's fluorescence
peak at k|| = 0 enhances emission of the donor at the expense of energy transfer to the acceptor. One
explanation is that the SLR centered at 551 nm at k|| = 0 provides a channel for the accelerated
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radiative decay of the excited donor dyes, such that the radiative rate of the donor exceeds the
FRET rate. However fluorescence lifetime measurements that could potentially confirm this
explanation were not recorded due logistical constraints and the obfuscating effect of concentration
quenching that was observed for films containing 800 mM donor dye, regardless of the presence of
the acceptor dye. See Methods for further explanation.

Notably, the 462 and 502 nm SLRs did not have this effect, even though these SLRs overlapped
significantly with the donor emission peak at larger values of k|| (at angles of emission of ca. 20° or
50°). This discrepancy suggests that coupling the donor emission to an SLR at k|| = 0 specifically
(that is, at 0° angle of emission) is effective for promoting radiative decay of the donor dye into free
space, whereas coupling the donor emission to SLRs at other values of k|| is dramatically less
effective for outcoupling the donor dye’s fluorescence. Furthermore, coupling the donor exciton
(that is, the donor absorption peak at 518 nm) to SLRs at k|| > 0 on the 𝑎 = 253 and 304 nm lattices,
did not increase energy transfer as expected. However, it is not clear why no enhancement in
energy transfer was observed. It could be that SLR-exciton coupling does not increase energy
transfer in the plane of the lattice, but it could also be that the SLR-exciton coupling was simply not
strong enough to have this effect.

Meanwhile, the SLR that is centered at 615 nm at k|| = 0, which coincides with the acceptor's
fluorescence peak at 609 nm, maximized 𝐼y– and minimized 𝐼—– compared to the other SLRs (Table 1).
This observation suggests that the 615 nm SLR may have enhanced the energy transfer process.
However, it is not totally clear that a significant enhancement of energy transfer occurred, since the
decrease in 𝐼—– ⁄𝐼y– compared to the same film on bare glass is marginal, and the absolute intensity of
the donor is only slightly lower for this SLR than for the other non-donor-resonant SLRs at 462 and
502 nm. The enhancement of 𝐼y– compared to the other SLRs, while significant, could be mostly or
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entirely due enhancement of fluorescence from the acceptor (i. e. the Purcell effect), rather than an
increase in the rate of energy transfer.

Future experiments to investigate the question of whether SLRs can enhance energy transfer may
benefit from the use of a pair of dyes that do not exhibit highly efficient energy transfer in the
absence of SLRs. However, at the concentrations at which dye molecules tend to couple to SLRs
most strongly (> 100 mM), energy transfer is likely to be very efficient, since the average distance
between an acceptor molecule and its nearest neighboring donor molecules when both dyes are
present at 100 mM or greater concentrations is ≤ 1.4 nm, and this distance is well within the 10 nm
distance usually cited as the upper limit for FRET, making spontaneous FRET likely.
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Figure 4.3. Angle-resolved spectra showing dispersions of SLRs for various lattices without dye, with donor dye, and with
donor and acceptor dye. (a) Angle-resolved transmission spectra of lattices of Al-MIM nanocylinders on glass, s-polarized
light. The lattice constant, a, varied from 253 to 405 nm as indicated on the spectra. These spectra very clearly show the
s-polarized (±1,0) SLRs, i. e. the blue curved features, which result in a sharp decrease in transmission of light due to a
combination of light absorption and reflection at wavelengths slightly longer than the corresponding (±1,0) RAs. The RAs
themselves appear as the red or orange X-shaped features, representing local peaks in transmission. (b) Angle-resolved spolarized fluorescence spectra of the same lattices of Al-MIM nanocylinders as in (a) coated in 400 mM P580 (donor dye)
in PMMA. (c) Angle-resolved fluorescence spectra of the same lattices, this time coated in a nm film containing 800 mM
P580 (donor) and 8 mM P650 (acceptor) in PMMA. Note no polarizing filters were used for collected fluorescence. As a
result, the spectra in (c) show light coupled to both the s-polarized (±1,0) and the p-polarized (0,±1) SLRs.
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Figure 4.4. Angle-integrated fluorescence spectra of 400 mM donor (P580) in PMMA on various SLR-supporting lattices.
These spectra indicate that, in the absence of the acceptor dye, the enhancement of donor dye emission due to the SLRsupporting lattices is primarily based on nanoparticle density. Denser arrays produce more intense emission, irrespective of
whether SLR overlaps the donor dye's emission peak at 550 nm. All of the lattices enhanced the fluorescence of P580
compared to the bare glass substrate.
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Figure 4.5. Fluorescence spectra of the blended donor and acceptor film coated onto various Al-MIM lattices, integrated
over all angles of incidence collected by the objective lens (-53° to 53° relative to the surface normal). (a) shows the
spectra normalized at the acceptor emission peak, 𝜆 = 609 nm, to show the change in the shape of the donor-acceptorpolymer film’s fluorescence spectrum when the film is coated on various Al-MIM lattices. Note that the abrupt decrease
in intensity at 620 nm in the 𝑎 = 304 and 405 nm spectra is apparently due to bleaching of the sample that creates a
stitching error in the step-and-glue function of the spectrometer. Fortunately, this error does not affect the 550 nm or
609 nm fluorescence intensities that were used as the indicative wavelengths for the donor and acceptor dyes, since
these were captured in the same frame. (b) shows the same spectra, but unnormalized. This version of the same spectra
is included to emphasize the changes in absolute fluorescence intensity for different lattices. Note that the glass
substrate spectrum was collected while the detector was set to automatically integrate across all angles-of-emission,
whereas the other spectra were collected as angle-resolved spectra and then integrated later on. This means that the
glass substrate spectrum cannot be compared directly to the other spectra in terms of absolute intensities, the glass
substrate spectrum is omitted from (b). The important aspect of (b) is to show that the 𝑎 = 355 nm lattice shows both
somewhat greater donor emission and far less acceptor emission than the three other lattices. This indicates that the
decrease in acceptor emission may be due to less energy transfer due to enhanced radiative decay from the donor, as
well as increased non-radiative quenching of the donor excitons. In other words, it appears that the 𝑎 = 355 nm lattice
increases both the radiative and non-radiative decay rates of the donor dye, and that these effects combined reduce the
amount of energy transfer to the acceptor.
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Table 4.1. Absolute peak fluorescence intensities for the donor (𝐼—– ) and acceptor (𝐼y– ) dyes from blended film on Al-MIM
lattices with various lattice constants, their ratio, and the approximated FRET efficiency measured on the glass substrate
and each SLR-supporting lattice.
𝐼y– /(105 a. u.)
œ•x
𝐼—–
Al-MIM
𝜆u›|
/nm 𝐼—– /(105 a. u.)
𝜂∗
𝝀 = 609 nm
–
lattice
𝝀 = 550 nm
at k|| = 0
𝐼y
(Equation 10)
(Equation 12)
Glass
-NA‡
NA‡
0.45
79%
substrate
𝑎 = 253 nm
462
6.68
10.7
0.63
73%
𝑎 = 304 nm

502

6.94

11.4

0.61

73%

𝑎 = 355 nm

551

10.3

1.91

5.4

24%

𝑎 = 405 nm
615
5.52
14.46
0.38
81%
* This formula for calculating the FRET efficiencies from the spectra of the blended donor-acceptor films was used instead
of the conventional expressions for FRET efficiency in terms of lifetimes or donor dye fluorescence intensities, and this it is
only an approximation of the FRET efficiency. See Methods for a detailed explanation.
‡ The fluorescence spectrum of the film on the bare glass substrate was measured with the instrument set to integrate all
of the pixels in each row (wavelength) on the charge-coupled device detector automatically, whereas the spectra of the
lattices were measured such that each pixel was read as its own point in a 2D matrix, and then these were subsequently
summed. This technical change did not in any way affect the shape of the measured film-on-glass fluorescence spectrum,
but it does mean that the absolute peak fluorescence intensities of the donor and acceptor dyes in the film on the bare glass
substrate are not directly comparable to the absolute intensities taken from the SLR-coupled fluorescence spectra. As such,
the absolute intensities pertaining to the blended film on the bare glass substrate (1.64 x 104 a. u. and 4.60 x 104 a. u. for
donor and acceptor, respectively) are omitted from this table.

4.3 SLRs and Energy Transfer Conclusions
Based on the fluorescence spectra of the donor-acceptor-polymer film coated onto the glass
substrate and various SLR-supporting Al-MIM lattices, we found that the lattice supporting the SLR
that overlapped the most with the donor dye’s fluorescence peak at k|| = 0 inhibited energy transfer
compared to the bare glass substrate and the other SLR-supporting lattices, and also maximized the
donor dye’s fluorescence and minimized the acceptor’s fluorescence compared to the other lattices.
Taken together, these observations indicate that the SLR that is resonant with the donor dye’s
fluorescence peak at k|| = 0 promotes the radiative decay of the donor, increasing the portion of
excited donor dye molecules that emit into free space and decreasing the portion that transfer their
exciton energy to acceptor dye molecules. The net result is more emission from the donor dye and
less emission from the acceptor.
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It is noteworthy that the two SLRs that were resonant with the donor emission peak at higher
values of k|| and oblique angles of incidence (20° and 50° degrees, respectively) only marginally
inhibited energy transfer, indicating that the overlap of the SLR and the donor dye’s fluorescence
peak specifically at k|| = 0 and a 0° angle of emission, normal to the lattice plane, appears to be a key
factor in enhancing the radiative decay of the donor and avoiding energy transfer. However it
should be noted that these results are not generalizable to all FRET donor-acceptor pairs, nor
interaction of FRET donor-acceptor pairs with SLRs generally. The donor-acceptor pair used here
exhibit very efficient energy transfer in the absence of SLRs, at least when they are combined in the
concentrations we used in a PMMA film. An enhancement of energy transfer would be easier to
observe between dyes that do not so readily exhibit FRET without coupling to a photonic mode, as
was the case for the J-aggregate-forming cyanine dyes used by Zhong et al.105

Energy transfer can be in certain devices such as solar cells132–138, light-emitting diodes (LEDs)147,
and photocatalysts148. Regarding photocatalysts in particular, the coupling of metal-organic
frameworks (MOFs) constructed from fluorescent linkers with SLRs was demonstrated149, and
efficient energy transfer in similar MOFs was demonstrated in a separate study139, so combining
these approaches may be fruitful for making photocatalysts that rely on exciton energy transfer to
channel the energy of absorbed photons to a catalytic center to drive a reaction in a manner
analogous to that observed in green plants, in which many dye molecules relay energy to a single
reaction center for photosynthesis. Furthermore, energy transfer is seen as a proxy for exciton
diffusion length, which is a figure of merit for various thin film solar cells. Meanwhile, optimizing
energy transfer, or maximizing the rate of energy exchange between two or more oscillators, can be
seen as a route to achieve entanglement of two separate molecules140, suggesting potential
applications for energy-transfer-enhancing nanostructures for coupling qubits in quantum logic
gates.
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Nevertheless, the inhibition of energy transfer might also be useful for promoting emission from a
higher-energy fluorophore while inhibiting undesirable energy transfer to a lower-energy exciton
trap, such as in an organic LEDs in which energy transfer to impurities in the phosphor or host
material undermines the device's brightness, efficiency, or color purity. The results of this study
indicate that SLRs might be suitable for enhancing organic or quantum dot LEDs by increasing
outcoupling of fluorescence from an organic or quantum dot phosphor, even when impurities or
surface defects in the phosphor or host material that would otherwise function as exciton traps are
present. Finally, SLR lattices that promote donor dye emission at the expense of acceptor emission
as in the example presented here could find use in devices in which switching the emission
wavelength is desirable. This could potentially be accomplished using electrochromic materials and
materials with gate-tunable refractive indices to shift the SLR in and out of resonance with the
donor dye’s fluorescence peak, which is conceivable due to the dependence of the SLR’s position at
k|| = 0 on the refractive index of the dielectric medium in which the lattice is embedded150–154.
Additionally, depending on the development of gate-tunable plasmonic nanoparticles that support
LSPRs in the visible range155, the energy transfer inhibition effect could be turned on and off by
turning the LSPRs of nanodisks on and off. In other words, SLR-induced energy transfer inhibition
can be made switchable provided plasmons in the visible range are likewise switchable.

4.4 SLR and Energy Transfer Methods
Design of SLR-supporting Al-MIM nanocylinder lattices
Square lattices of Al-MIM nanocylinders were fabricated on a 20 mm square, 700 μm-thick chip of
borosilicate glass using electron beam lithography (EBL) with PMMA as the resist, followed by
electron beam evaporation to deposit the Al metal and Al2O3, and finally lift-off in warm acetone to
remove the excess resist and Al and Al2O3 films. The design and fabrication methods used for the Al70

MIM lattices were the same as the methods described for SLR-supported lattices generally in
Chapter 2, Section 2.1 and Section 2.2. The size, location, and lattice constants of the lattices and the
diameters of the constituent Al-MIM nanocylinders were all defined in the computer-generated
exposure pattern. Specifically, the exposure pattern was defined by a DXF file made in AutoCAD and
imported into the EBL system's control software using the Elionix file-conversion interface.

The lattices were designed to cover 50 µm x 50 µm square regions on the glass substrate.
The wavelength of the (±1,0) RAs were calculated from the lattice constant, 𝑎. Accordingly, the
values of 𝑎 for the lattices used in these experiments were selected to produce (±1,0) RAs at k|| = 0
from 375 to 500 nm at 75 nm intervals, as indicated in Table 4.2 below.
œ•x
Table 4.2. Lattice constants, 𝜆xy
±q,€ , and 𝜆u›| for the
Al-MIM nanocylinder lattices
œ•x
𝜆xy
𝜆u›|
/nm at k|| = 0
±q,€ /nm at k|| = 0
𝑎/nm
(experimental)
(from Eq. 2)
253
375
462
304
450
502
355
525
551
405
600
615

The (±1,0) RAs represent two distinct diffracted
orders that propagate in opposite directions. These
are observed as the red Saltire (X-shaped) features
in the angle-resolved transmission spectra in

Figure 4.3(a), intersecting at 𝜃 = 0° (at which angle k|| = 2π(radians)*sin𝜃/𝜆 = 0 as well). Although
the RAs at k|| = 0 cannot be seen for the 𝑎 = 253 and 304 lattices, the transmission spectra of the 𝑎
= 355 and 405 nm lattices show that the calculated values 𝜆xy
±q,€ are accurate, and any slight
deviation is due to an inaccuracy in the calibration of the spectrometer or in the estimation (n2 =
1.48) of the refractive index of the glass substrate, glass coverslip, or index-matching oil. Table 4.2
shows that the SLRs are consistently redshifted relative to their constituent RAs at k|| = 0.
Generally, SLRs at any given angle of incidence occur at longer wavelengths than RAs and LSPRs
from which they are formed, and SLRs are narrowest and most intense when the LSPR is centered
at shorter wavelengths than the RAs38, as was the case for the 𝑎 = 355 and 405 nm lattices in these
experiments. Specifically, the degree of redshift from RA to SLR at k|| = 0 decreases as the lattice
constant increases. This occurs due to the increasing “distance” between the RA wavelengths and
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the LSPR center wavelength. In other words, as the RAs at k|| = 0 move away from the center
wavelength of the LSPR, the corresponding SLR becomes narrower and closer in wavelength to the
RAs from which it is formed. As such, SLRs that more closely follow the lower branches (bottom
half of the red X-shape in Figure 4.3(a) for 𝑎 = 355 and 405 nm) of the RAs could be obtained by
using smaller diameter nanocylinders, although this might sacrifice the intensity of the SLRs by
reducing the scattering cross sections of the nanocylinders.

It is worth noting that the two (0,±1) RAs, two degenerate modes that are, in principle, only
excitable by p-polarized light, intersect with the (±1,0) branches at k|| = 0, as revealed when (0,±1)
are substituted into Equation 2.2 for (mx,my). Since these (0,±1) RAs converge at the same
wavelength as the (±1,0) for a square lattice, it is possible that these RAs, or rather the SLRs
corresponding to them, also played a role in the energy transfer inhibition observed for the 𝑎 = 355
nm lattice, especially given that both the s-polarized (±1,0) RAs, and the p-polarized (±1,0) and
(0,±1) RAs, all converge at 525 nm at k|| = 0 for this lattice, which is close to the absorption peak of
the donor dye at 518 nm. In particular, traces of what appear to be the parabolic U-shaped (0,±1)
RAs centered at 𝜆 = 1.48*𝑎 are visible in the angle-resolved emission spectra of the donor-acceptorPMMA blended films on the 𝑎 = 355 nm and 𝑎 = 405 nm in Figure 4.3(c), suggesting that the (0,±1)
RAs and corresponding SLRs may indeed be playing a role in enhancing the fluorescent emission of
the donor (𝑎 = 355 nm) and the acceptor (𝑎 = 405 nm) dye, respectively, although the particular
contributions of the (±1,0) and (0,±1) RAs and SLRs were not examined in detail in this study. That
research would likely require using a linearly polarizer to filter the emitted light from the donoracceptor blended film, which was not used in this case. Additionally, examining the effect of
different excitation source polarizations would be interesting, whereas in this study, the excitation
laser sources was unpolarized.
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Application of dye-doped polymer films to SLR-supporting arrays.
The two boron dipyrromethene laser dyes used in these experiments as the energy donor, P580
(2,6-di-n-butyl-1,3,5,7,8-pentamethylpyrromethene—BF2, MW = 374.32 g/mol) and acceptor, P650
(1,2,3,5,6,7-hexamethyl-8-cyanopyrromethene-BF2, MW = 301.15 g/mol) were both purchased
from Luxottica-Exciton, and a 4 wt % solution of PMMA (average MW = 950 kg/mol) in anisole was
purchased from Microchem (950 PMMA A4).

The dyes were dissolved in the PMMA/anisole solution to make a mixed solution containing 27.0
mM P580 and 0.270 mM P650 along with 4 wt % PMMA in anisole.

100 μl of this mixed solution was then spin coated onto the Al-MIM lattices. Spinning was done at
4000 rpm for 60 s to achieve a 200 nm thick layer, as confirmed by stylus profilometry (Bruker
Dektak-XT).

Optical Measurements
Confirmation and characterization of SLRs was done using angle-resolved spectroscopy as
described in Chapter 2, Section 2.4, Angle resolved transmission spectra with s-polarized (electric
field oriented along the y-axis as shown in Figure 4.2(b)) white light from a tungsten-filament
halogen lamp. For measurement of transmission spectra, the side of the substrate with the Al-MIM
nanocylinder lattices was covered with refractive index-matching oil (Cargille type FF, n = 1.4811 at
546.1 nm and ≈ 1.48 throughout visible range) and a 170 µm-thick glass coverslip. This was done so
to make the environment around the Al-MIM lattices have an approximately uniform index of
refraction (n ≈ 1.48), which is a precondition for obtaining the sharpest and clearest SLRs39 and
avoiding the splitting of each RA and SLR mode into a glass or substrate mode and an air or
superstrate mode. For measurement of angle-resolved transmission spectra of the lattices, the
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white light was focused on the Al-MIM lattices by a 100x, 0.6 numerical aperture (NA) objective
(Olympus SLMPLN 100x, 0.6 NA, 7.6 mm working distance), and the transmitted light was collected
by a 50x, 0.8 NA objective (Olympus MPLFLN 50x, 0.8 NA, 1 mm working distance). Later, the angle
resolved fluorescence spectra of the donor-PMMA and donor-acceptor-PMMA films were measured
using only the 50x, 0.8 NA objective with a beam splitter for both excitation with the 488 nm pulsed
laser and collection of the fluorescence emitted from the films, while the reflected laser light was
removed with a 500 nm long-pass filter.

Calculation of approximated FRET efficiencies
According to theory, the efficiency of FRET, 𝜂, in a solution containing a donor and an acceptor dye
is a function of the average distance, r, between a donor molecule and the nearest neighboring
acceptor, as expressed in the equation:
𝜂=

1
1−¢

𝑟 Ž
¥
𝑅€

Eq. 4.2

Where the FRET radius, R0, is the intermolecular distance at which 𝜂 = 50 % for a given donoracceptor pair.

Using Equation 6, the efficiency of FRET in a mixture of a donor and acceptor dye can be predicted
provided that the value of R0 for that FRET pair is known. But to determine the value of R0, the
efficiency must be measured experimentally. Typically, FRET efficiencies are measured using either
the donor dye’s fluorescence lifetimes in the absence (𝜏— ) or presence (𝜏—– ) of the acceptor dye, or
the donor dye’s fluorescence peak intensity in the absence (𝐼— ) or presence (𝐼—– ) of the acceptor
dye156:
𝜂 =1−

𝜏—–
𝜏—

Eq. 4.3
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𝜂 =1−

𝐼—–
𝐼—

Eq. 4.4

Using Equations 6 and 7, the R0 for the donor and acceptor used in these experiments, P580 and
P650, was determined to be 1.65 nm, based on the change in lifetime of the donor dye when both it
and the acceptor were present at 100 mM in a PMMA film on a glass substrate, as shown in Table 3.
The same lifetime measurements were done with 400 mM and 800 mM films of the donor and
acceptor in PMMA. However, due to concentration quenching (which itself may be partially
attributed to homo-FRET) the lifetime of the donor in the absence of the acceptor was markedly
shorter than for the 100 mM sample. As a result, the apparent change in the donor’s lifetime due to
the acceptor was misleadingly small, leading to erroneously low FRET efficiencies as calculated
from Equation 4.3, shown in red in Table 4.3. Therefore, the 100 mM sample was used to obtain the
value of 1.65 nm as the value of R0 for the P580-P650 FRET pair.

For the energy transfer experiments on the Al-MIM lattices, we were not able to calculate 𝜂 using
either of these expressions. Equation 7 was not usable due to extensive concentration quenching of
the donor dye at the 800 mM concentration. Despite this, in principle, Equation 8 could have been
used, but unfortunately logistical constraints prevented the measurement of an 800 mM donor-only
film on the Al-MIM lattices, so there are no values of 𝐼— to use that are needed for Equation 8. In
order to get some idea of what the experimental values of 𝜂 in these experiments, two alternative
methods for calculating approximations of 𝜂, referred to here as 𝜂† and 𝜂*, were calculated from the
spectra of the donor-acceptor-PMMA film on the bare glass substrate and the Al-MIM lattices. The
definitions of 𝜂† and 𝜂*, given below in Equations 9 and 10, respectively, are both based on Equation
8.
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The first approximation, 𝜂†, assumes that the intensity of the donor fluorescence in the absence of
the acceptor is equal to the sum of the donor and acceptor peak fluorescence intensities, 𝐼— = 𝐼—– +
𝐼y– , which essentially assumes that every photon emitted by the acceptor is a photon that the donor
would have emitted if FRET had not occurred. This approximation works when the intensity values
measured represent photon flux, rather than power, and this assumption is applicable to the
intensities measured here since, even though they are measured in arbitrary units, the intensities
reported are nevertheless proportional to photon counts per second, based on the configuration of
the spectrometer and charge-coupled device detector that were used to collect them. The second
approximation, 𝜂* takes into account the difference in the quantum efficiencies of the two dyes,
such that 𝐼— = 𝐼—– + 𝐼y– ¢

¬¬®

¥, where 𝜙D = 0.90 is the literature value for the quantum efficiency of the

donor157,158, and 𝜙A = 0.54 is the literature value for the acceptor157,159. This approximation
accounts for the fact that an excitation transferred from a donor to an acceptor molecule is less
likely to be converted into a photon as fluorescent emission, since the quantum efficiency of the
acceptor is less than that of the donor.
Table 4.3. Determination of FRET radius for P580 and P650 and predicted FRET efficiencies
for various dye concentrations
Calculated 𝜂
Experimental 𝜂
[Dye]/mM 𝜏— /ps 𝜏—– /ps
r/nm R0/nm
(Equation 6,
(Equation 7)
using R0 = 1.65 nm)
800
319
308
3.37 %
0.707 0.404
99.4%
400

577

440

23.7 %

0.890

0.733

97.6%

100

1260

358

71.5 %

1.41

1.65

71.5%

8

NA

NA

NA

3.28

NA

1.58%
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Table 4.4. Calculation of the acceptor fluorescence intensity (𝐼y– ), the donor-over-acceptor peak fluorescence ratio, and
two approximations of the FRET efficiency, 𝜂† which does not account for the different quantum efficiencies of the

donor and acceptor, and 𝜂*, which accounts for the difference in quantum efficiencies between the two dyes reported
in the literature.
Al-MIM
lattice

𝐼—–
/(105 a. u.)

–
𝐼°±²›³,Ž€´
/(105 a. u.)

–
𝐼—,Ž€´
(Equation 4.8)
/(105 a. u.)

𝐼y–
(Equation 4.7)
/(105 a. u.)

𝐼—–
𝐼y–

𝜂†
(Equation
4.5)

𝜂*
(Equation 4.6)

Glass
substrate

0.164

0.460

0.099

0.361

0.45

69 %

79 %

𝑎 = 253 nm

6.68

14.7

4.05

10.7

0.63

61 %

73 %

𝑎 = 304 nm

6.94

15.6

4.20

11.4

0.61

62 %

73 %

𝑎 = 355 nm

10.3

8.15

6.24

1.91

5.4

16 %

24 %

𝑎 = 405 nm

5.52

17.8

3.34

14.46

0.38

72 %

81 %

Table 4.5. Percent change in 𝜂* for the film on each lattice relative to the bare glass substrate.
Al-MIM
lattice
Glass
substrate

𝜂*
(Equation 4.6)

percent change in 𝜂*
relative to glass substrate

(kR + kNR)/kET
= (1/𝜂* − 1)

(kR + kNR) relative to
glass substrate

79 %

NA

0.27

1.0

𝑎 = 253 nm

73 %

−3.3 %

0.31

1.2

𝑎 = 304 nm

73 %

−4.4 %

0.33

1.2

𝑎 = 355 nm

24 %

−58 %

2.0

7.5

𝑎 = 405 nm

81 %

+4.5 %

0.21

0.80

Table 4.6. Comparisons of changes in 𝐼—– to changes in 𝐼y– for the four lattices.
Al-MIM
lattice

𝐼—–
/(105 a. u.)

𝐼y–
(Equation 4.7)
/(105 a. u.)

𝐼—–
𝐼y–

Glass
substrate

0.164

0.361

0.45

𝑎 = 253 nm

6.68

10.7

0.63

𝑎 = 304 nm

6.94

11.4

𝑎 = 355 nm

10.3

1.91

𝑎 = 405 nm

5.52

14.46

𝐼—–
/(105 a. u.)

𝐼y–
/(105 a. u.)

𝐼y–
/(105 a. u.)

3.62

-9.76

-16.27

0.61

3.36

-9.67

-16.12

5.4

0.00

0.00

0.00

0.38

4.78

-12.39

-20.66

3.62

Furthermore, we see in the emission spectra of the donor that the donor dye emits substantially at
the acceptor’s peak fluorescence wavelength, 609 nm. Therefore, the fluorescence intensity of the
acceptor from the blended film, 𝐼y– , must be calculated from the total intensity of emission at 609
–
–
nm, 𝐼°±²›³,Ž€´
, by subtracting the contribution of the donor dye, 𝐼—,Ž€´
, as shown in Equation 11.
–
–
𝐼y– = 𝐼°±²›³,Ž€´
− 𝐼—,Ž€´

Eq. 4.7
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–
The value of 𝐼—,Ž€´
was itself estimated by taking the ratio of the donor dye’s fluorescence at 609 nm

over its fluorescence at 550 nm in a control spectrum of the donor dye at 800 mM in PMMA on glass
in the absence of the acceptor dye, as shown in Equation 12. The ratio of the fluorescence of the
donor dye at 609 nm, 𝐼—,Ž€´ , over its fluorescence at 550 nm, 𝐼— , from a film containing 800 mM of
donor dye was found to be 0.606.
–
𝐼—,Ž€´
= 𝐼—– µ

𝐼—,Ž€´
¶ = 𝐼—– (0.606)
𝐼—

Eq. 4.8

Thus, the approximated FRET efficiencies, 𝜂† and 𝜂*, were both calculated under the assumption
that the ratio of donor emission at 609 nm over the intensity at 550 nm was 0.606 for the donoracceptor-PMMA film on the substrate and on the lattices, however it is possible that the real ratio
for the 𝑎 = 355 nm is less than this due to the apparent slight blueshift in the donor emission
spectrum on this lattice visible in Figure 4.5. Therefore, the 𝐼y– for this lattice may be slightly
underestimated, leading to an overestimation in 𝐼—– ⁄𝐼y– and underestimation of the FRET efficiencies.
A better approach would be to experimentally determine the shape of the P580 (donor dye)
emission spectra on each lattice at 800 mM concentration in PMMA, but this was not done due to
logistical constraints, so the approximation

·-,¸•¹
·-

= 0.606 was used for all four Al-MIM lattices.
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Chapter 5. Coupling of Fluorescent Defects in Hexagonal
Boron Nitride to SLRs in Ag Nanopillar Lattices
Here, we report the coupling of single photon emitters (SPEs) to SLRs in lattices of Ag nanopillars
that enhance the emissivity of the SPEs by a combination of mechanical deformation, created by the
way the hBN conformally adheres to the protruding nanopillars, and by plasmonic and photonic
enhancement effects. Through angle-resolved spectroscopy and confocal microscopy, we show that
SPEs in a thin sheet of hBN that is draped over an SLR-supporting lattice emit light into the SLR
mode. These results thus show the simultaneous enhancement of SPEs, as indicated by a six-fold
increase in their photoluminescence intensity, as well as coupling of the photoluminescence from
the highly localized SPEs into a delocalized cavity mode. This type of architecture is promising for
optical quantum computing.

5.1 Single-Photon Emitters
A single-photon emitter (SPE) is an isolatable chemical entity such as dye molecule, quantum dot,
dopant atom, or point defect in an atomic lattice, that is capable of producing light by transitioning
from an electronic excited state to the ground state, or at least to a lower-energy excited state. In
other words, and SPE is a chemical entity that supports an exciton, and can be isolated. Researchers
and industry are presently interested in SPEs and solid-state materials that can host them due to
their potential applications in quantum computing and encryption. But harnessing SPEs requires
not only isolating them, but controlling and enhancing their absorption and emission. To that end,
coupling SPEs to photonic modes such as the fundamental modes of optical microcavities and
plasmonic nanoparticle-on-mirror cavities is a common pursuit in photonics research presently,
based on the concept that an isolated SPE coupled to a nanostructure-based plasmonic or photonic
mode will interact more strongly with incident light, leading to greater absorption, and with the
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vacuum field, leading to more frequent photon emission, which make these SPEs easier to control,
excite, and observe.

There a many different kinds of SPEs that might be applied in quantum computing. In addition to
dye molecules, quantum dots, and fluorescent atoms such as lanthanide atoms, there are several
thin-film and 2D materials that can host atomic defects that absorb and emit light. This category of
emitters included the color centers in hBN160–163, diamond, and silicon carbide, and strain-induced
exciton traps in transition metal dichalcogenides (TMDs) such as WSe2. The defects in hBN are
particularly interesting, due to the 2D nature of hBN atomic monolayers and few-atomic-layer
sheets, which can be grown or exfoliated, and manipulated in a manner similar to graphene and
mono- and few-layer sheets of TMDs. Furthermore, researchers have demonstrated the ability to
grow high-quality single crystals of hBN epitaxially in which there are only one or a few emitting
defects over areas 100 um2 or larger areas164,165, which indicates that these emitters can be isolated
from each other by normal nano- and micro-fabrication methods. As with SiC and diamond color
centers, a subfield of materials researcher is aimed at developing methods to reliably and
reproducibly place these defects in hBN sheets at will, according to an arbitrary design, such that
microchips studded with ordered grids of isolated SPEs may be manufactured at scale for optical
quantum computing and sensing applications.

Regarding the exact chemical identity of the defects in hBN, there are very many possible
combination of atomic vacancies, substitutions, and interstitial atoms in hBN that support
electronic transitions in the visible light range, and the type of defect in a particular singlecrystalline flake of hBN, as well as the concentration or abundance of these defects a particular
sample of hBN, is a function of exactly how the given hBN crystal or flake was made (e. g.
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exfoliation, molecular beam epitaxy, or chemical vapor deposition (CVD)), and the conditions it was
exposed to after synthesis.

Commonly researched examples of fluorescent defects in hBN include both intrinsic defects, which
require no foreign dopant atoms, and “extrinsic” defects, or those in which at least one atom of an
element other than B or N is involved. Common intrinsic defects include vacancies in the B and N
lattice positions, denoted VB and VN, as well as interstitial atoms, denoted Bi or Ni. Additionally,
there are BN and NB sites, in which a boron substitutes for a nitrogen or vice versa. NB sites maybe
stabilized by an adjacent vacancy in the lattice where an N atom would normally be, which
constitutes an NBVN-type defect. Meanwhile, “extrinsic” defects in hBN include CB, CBVN, and (OB)2VN
centers (in which two oxygen atoms replace to boron atoms, and the adjacent nitrogen site is
vacant166). We did not determine the chemical identity of the emitting defects in the hBN flakes we
used in this set of experiments, but based on their fluorescence spectra (Figure 5.5(F)) and the
reported transition energies for each type of defect167 the most likely defects are NB centers
(emitting around 480 nm) Bi centers (emitting around 520 nm and also around 660 nm, for two
different transitions possible in these emitters) as well as BN centers (580 nm). However, this
assignment of peaks is somewhat speculative, as the identity of the defects was not confirmed by xray photoelectron spectroscopy. Furthermore, the reader may notice that the cited wavelengths of
emission for each defect type do not exactly match the two peaks and the broad shoulder in the
spectra in Figure 5.5(F). However, this discrepancy could be explained as a consequence of the
perturbation of the color centers by plasmonic resonances of the silver nanopillars, and by the
deformation of the hBN lattice induced at some sites by the underlying silver nanopillars.

Finally, it must be stated that the defects hBN also interesting because they produce emission at
room temperature, as opposed to the strain-localized excitons in WSe2, which require cryogenic
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temperatures168–170. To be clear, WSe2 can and does emit visible light at room temperature, but the
excitons responsible for this emission can only be localized or trapped by a strain gradient, as in the
two references cited169,170, at cryogenic temperatures, where the low-binding-energy excitons can
persist long enough to migrate up the strain gradient to the maximum strain site, where they
become trapped and recombine to produce emission. In contrast, the excitons in hBN are localized
to their respective lattice defect sites, and thus have a much higher effective binding energy that
prevents charge carriers from separating due to ambient thermal energy, even at room
temperature. Interestingly, hBN emitters are only weakly emitting normally, but they become
brightly fluorescent when the lattice around the defect is locally distorted by nanopillar protruding
from the underling substrate, which applies mechanical strain to the hBN activates the defect,
making it much brighter (having a greater emission frequency) than the defect in the unstrained
hBN layers12,168.

Here, we report the generation of periodic arrays of single photon emitters (SPEs) at determined
positions using plasmonic silver nanopillars to induce strain in the hBN. In addition to inducing
strain to generate SPEs, the periodic arrays of plasmonic nanopillars support a delocalized lattice
plasmon known as a surface lattice resonance (SLR). Through angle-resolved spectroscopy and
confocal microscopy, we show that single-photon emitters in the hBN emit into the SLR mode.
These results thus show the simultaneous generation of QEs and their enhancement, as well as the
coupling of multiple spatially separated QEs into a delocalized cavity mode. This type of
architecture is promising for photonic quantum computing applications.
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5.2 Photons in Quantum Computing
Given their ability to coexist without mutual interaction, their long decoherence times, and their
capacity to encode information in multiple channels (number, polarization, and arrival time),
photons are viable and attractive qubit candidates. Manifesting photonic quantum computing
requires reliable methods for deterministically placing single-photon emitters in on-chip photonic
circuits and coupling these SPEs to structures that can amplify, direct, and modulate the emitted
photons.

Coupling multiple SPEs with photonic structures that support delocalized or propagating modes
permits the mutual interaction of distinct and spatially separated emitters. Such arrangements
could facilitate energy transfer between QEs, and could potentially allow ensembles of multiple
identical QEs to be combined into a series of strongly coupled states with various energies, akin to
the combination of degenerate atomic orbitals to form high- and low-energy molecular orbitals.

There is a variety of photonic and plasmonic structures and corresponding modes that could
facilitate the delocalization the excitons of SPEs through strong coupling, e. g. optical microcavities,
dielectric waveguides, photonic crystals, and metallic films supporting surface plasmon polaritons
(SPPs). In this article, we report on the coupling of SPEs from hBN defect sites to plasmonic SLRs.
SLRs are hybrid plasmonic-photonic modes found in one- and two-dimensional (2D) periodic
arrays of plasmonic nanoparticles embedded in a dielectric environment. SLRs are formed by the
coupling of the LSPRs of the discrete metal particles to the diffraction edges, also known as the
Rayleigh anomalies (RAs) of the periodic array.

Regarding the coupling of emitters to SLRs, there are numerous reports of exciton-SLR coupling,
and resulting phenomena, including directional emission from molecules5 and quantum dots171;
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surface-emitting, on-chip dye lasers with “flattened” cavities48,51,53,172–174; and the Bose-Einstein
condensation of dye excitons at room temperature175.

Regarding what sort of SPEs may be coupled to SLRs, there is a library of SPEs to choose from. Some
seemingly obvious choices, such as organic and organometallic dyes and coordination complexes,
suffer from a tendency to decompose when illuminated with high intensity or for long durations. An
attractive alternative to organic molecules are color centers in inorganic materials, including N-V
centers in diamond, and similar point defects in silicon carbide, thin hBN160,176,177, and strainlocalized excitons in WSe2 monolayers169,178.

SPEs in 2D materials are attractive for making optoelectronic devices in that the host layers can be
easily contacted electrically179, and the emitting defects are never embedded deep within the
material, allowing them to be coupled to the near fields of resonant nanostructures lying
underneath or deposited on top of the 2D layers. Emitting defects in thin (e. g. 20 nm) hBN crystals
have the added benefits of being hosted in a material with a large bandgap, meaning that the host
crystal does not emit on its own at room temperature, and that the exciton energy of the defects is
much less than the band gap of the surrounding material, allowing charge carriers to be efficiently
trapped in defect sites even at room temperature. In contrast, WSe2 defects exhibit exciton energies
only slightly lower than the band gap of the host monolayer; hence these crystals must be cooled to
cryogenic temperatures for the excitons to persist long enough to be localized at strain-induced
exciton traps before emission (emission from other locations in the WSe2 is possible at room
temperature, but without localization the excitons in a continuous WSe2 layer cannot really be
considered SPEs, or at least that is the interpretation of the author).
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Previously, Proscia et al. demonstrated that visible-light emission from defects in thin multilayer
hBN (e. g. 20 nm thick) can be activated a specific points on a SiO2/Si chip surface by the application
of mechanical strain in the hBN via the topography of the underlying SiO2 layer168. These CVDgrown flakes are populated with defect sites that are not very active SPEs at room temperature in
their native, unstrained state; but they become activated SPEs when subjected to substrate-induced
strain. In this manner, they demonstrated that room-temperature SPEs can be placed at precise
locations on the chip as defined by lithography, since only the mechanically strained defects
function as SPEs. The substrate in that study was composed of a series of nanopillars etched out of
the SiO2 layer of thermal-oxide-on-silicon wafer. These nanopillars were essentially “optically
inert”—that is, they influenced the hBN primarily by inducing mechanical strain, rather than by
altering the optical fields at the defect sites.

We report here on another example of using a nanopillar-studded substrate to induce strain and
activate SPEs in CVD-grown hBN. But the work described here differs in two important ways. First,
whereas before the pillars were made to be as optically inert as possible, and to influence the hBN
primarily (or exclusively) through mechanical deformation, the pillars in the samples described in
this study were plasmonic Ag cylinders with LSPRs in the visible regime, so that they acted as
optical antennae and dramatically amplified the electric field intensity and density of optical states
that the strain-activated SPEs experienced upon illumination. Hence, the pillars in the present study
both activated the defects in the hBN by mechanical deformation and influenced the resulting SPEs
by amplifying the intensity of the electric fields the SPEs experience when the chip is illuminated,
and by increasing the local density of optical states for the SPEs to radiate into. Second, the samples
in the previous study were constructed to avoid interactions between the SPEs at different pillar
sites by maintaining a sufficient distance between neighboring pillars ( ≥ 2 um). By contrast, in this
study, neighboring nanopillars (and thus neighboring strain-activated SPEs) were fabricated in
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lattices with periods close to the wavelengths at which the hBN defects emit. Arranged thus, the
LSPRs of the individual pillars couple together radiatively to form SLRs. As a result, the strainactivated defects coupled not only to the LSPRs, but also to the SLRs of the arrays, as indicated by
the observation of hBN SPEs showing directional photoluminescence (PL) with the same dispersion
as the SLRs of the underlying Ag nanopillar arrays.

Another way to view the present study is as an example of optimized coupling of localized excitons
to a delocalized photonic-plasmonic mode (SLR) by locating the excitons (strain-activated SPEs) at
the precise points where the delocalized mode is most intense (in the immediate vicinity of the Ag
nanopillars). This arrangement minimizes the number of excitons that are excluded from coupling
due to being too far from the nanoparticles that support the SLR180. An additional boon to the
percentage of SPEs that couple to the SLR would be expected if the alignment of the transition
dipoles of the SPEs could be known and controlled so as to always be parallel to the electric field of
the SLR resonance. The SLR in question is excited by s-polarized light, so transition dipoles parallel
to precisely one of the two lattice vectors in the square lattices used in this study would be optimal.
Strain-localized excitons in WSe2 were reported to have exactly this relationship to the underlying
nanoridges of SPP-based waveguides, owing to the fact that the emitter dipole moments were
always within the plane tangent to the WSe2 surface at the point of the emitting defect181,182.
However, it is not clear if that relationship applies to multilayer hBN, nor if it apples to the strain
imposed by cylindrical pillars. Therefore, while this study and the previous study of hBN on SiO2
pillars demonstrate control over placement of the active hBN SPEs, control over the dipole
orientation, which will likely require different pillar geometries, is left to future investigation.
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5.3 SLRs and hBN in Photocatalysis?
Finally, while photocatalysis with hBN-plasmonic lattice coupled systems was not directly
investigated by the experiments reported here, this coupling between fluorescent atomic defects in
hBN and the SLR that is reported here could portend a future application of SLR-supporting lattices
in combination with hBN for photocatalytic surfaces that use sunlight to drive the exothermic
oxidative dehydrogenation of propane to propene, which was found to occur readily on defect sites
on the surface of hBN nanotubes and nanosheets183. It is also possible that the catalytic sites on hBN
could be useful for endothermic reactions, especially when the catalytic defects are light-absorbing
or light-emitting, and are coupled optically to and SLR-supporting lattice. In other words, it is not
hard to imagine that a catalyst such as hBN that is highly effective for the oxidative
dehydrogenation of propane might also be good for exothermic reactions like oxygen evolution, CO2
reduction that could be powered by sunlight absorbed by the highly light-absorbing SLR mode, as
well as reactions to upgrade methane, a relatively abundant and low-value hydrocarbon, into
higher molecular weight alkanes using oxidative dehydrogenation. While this last process is not
actually endothermic (4CH4 + O2 à 2C2H6 + 2H2O, the most basic conversion of methane to a
higher-molecular-weight alkane by oxidative dehydrogenation, is exothermic) using sunlight to
power it is an attractive concept for capturing and making use of otherwise worthless fugitive
methane generated at remote petroleum wells184. The use of sunlight to drive this reaction (to
furnish the activation energy) avoids the use of electric power or fuels to drive the reaction, which
would defeat the purpose, since the point of such a reaction is to make useful fuels (ideally, liquid
alkanes) from methane, which is harder to transport and would normally be flared at the remote
petroleum well at which it is generated, or even released to the atmosphere without flaring, which
is both wasteful and a regrettable contribution to the anthropogenic greenhouse gas effect and
global warming184.
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5.4 Fabrication of Ag pillar arrays
Periodic arrays (square lattices) of Ag cylinders on borosilicate glass were fabricated by bilayer
electron beam lithography (EBL), electron beam evaporation (EBE), and lift-off. Shortly after lift-off
(within a few hours) the cylinders were coated with 10 nm of Al2O3 via atomic layer deposition
(ALD) to prevent oxidation of the underlying Ag cylinders.
Electron-beam Lithography (EBL)
Borofloat 33 glass (Schott) chips, 10 mm square, were cleaned by rinsing with organic solvents
(acetone-methanol-isopropanol), deionized water, and then cleaned in an O2 plasma asher (PVA
TePla IoN 40) for 15 minutes (500 W, 500 sccm O2). The glass chip was then then spin-coated with
a two layers of poly(methyl methacrylate) (PMMA). First, a 4 wt% solution of 495 kDa PMMA in
anisole (Microchem) was spun on the chip for 75 s at 4000 rpm, and the chip was then baked for 90
s at 180 °C to remove the excess solvent, yielding a 200 nm thick base layer. Then, a 2 wt% solution
of 950 kDa PMMA in anisole (Microchem) was spun on top of the base layer at 4000 rpm for 75 s,
and the chip was again baked for 90 s at 180 °C, producing a 250 nm thick stack consisting of
roughly 200 nm of 495 kDa PMMA and 50 nm of 950 kDa PMMA, neglecting some possible blending
of the two polymer layers at the interface. This was done to allow the fabrication of structures with
thicknesses greater than half of the thickness of the bottom layer, which would otherwise be
difficult to do without resulting in oddly shaped crowns or “ears” of excess material resulting from
the deposition and lift-off procedure.

Finally, before exposure, the PMMA bilayer was overcoated with ca. 4 nm of gold using a benchtop
magnetron sputter chamber (Cressington 108A) with a gold foil target. The application of a
conductive coating such as this one is necessary to avoid the accumulation of charge during EBL
exposure that would otherwise occur due to the insulating nature of the glass substrate.
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After application of the gold overcoat, the chip was exposed using an Elionix ELS-G100 system. The
beam voltage was 100 kV, and the beam current used was 500 pA. The area dose (amount of
electron flux applied to each unit area of the exposed areas) was varied between 500 μC/cm2 for
the largest (400 nm diameter) cylinders, up to 2000 μC/cm2 for the smallest (50 nm diameter). The
dose used for each size was selected based on previous dose tests to make the metal particles
formed after deposition and lift-off the intended size.

Following exposure, the Au overcoat on top of the PMMA was stripped by immersing the chip in
aqueous solution of iodine (I2) and potassium iodide (Transene Gold Etchant TFA) for 45 s at room
temperature while the etchant was slowly swirled. The nominal rate of Au etching is 2.8 nm/s, so
this time is ample to remove all traces of the ca. 4 nm applied coating.

Then the chips were developed in a 3:1 mixture of water: isopropyl alcohol (IPA). This mixture was
chilled to ca. 5 °C prior to use. The chip was immersed in the mixture and swirled manually for 60 s,
then sonicated for 30 s, then swirled manual for another 60 s, sonicated again for 30 s, and removed
and immediately blown dry with N2.
Deposition
After development, the chips were descummed in the O2 plasma asher for 30 s etch, 200 W power,
200 sccm O2. The descum was done immediately before loading the chips into the electron beam
evaporator’s airlock for deposition. Descumming was vital to allow for obtaining the smallest
particles and to promote good adhesion of the particles to the glass substrate.

Ag pillars were deposited by electron beam evaporation in an AJA Orion 8E Evaporator System. A
quartz crystal microbalance was used to monitor the rate of deposition and the thickness of the
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films throughout the deposition process. First, 3 nm of Ge metal was deposited as a wetting and
adhesion layer, followed by 100 nm of Ag. The deposition rates were roughly 0.5 Å/s for Ge and
between 1.0 and 2.0 Å/s for Ag. The sample was rotated at a rate of 4 rpm to avoid inconsistencies
in the thickness of the deposited film due to slightly off-normal angle of approach of the vapor
particles impinging on the substrate.
Lift-off
After deposition, the PMMA and excess Ag film (the portions of the film deposited on top of the
remaining PMMA) were removed. The chip was soaked warm acetone (ca. 40 °C) for at least 10
minutes, then, while keeping the sample submerged, a syringe was used to spray a stream of
acetone over the sample to remove most of the excess metal film. The chip was then transferred to a
fresh bath of acetone, using a squeezable rinse bottle to stream acetone over the surface while
transferring. The chip in the fresh acetone bath was then warmed to about 40 °C, allowed to soak
for at least 10 min, and sonicated for 30 s again. Finally, the chip was rinse with fresh acetone, then
methanol, then isopropanol, and blown dry with N2. Care was taken not to allow the sonication
steps to exceed 30 s in duration; the sonication steps are, on the one hand, seemingly necessary to
remove stray Ge-Ag film detritus. However, excessive sonication will also remove the intentionally
deposited particles.

The chip and its arrays were then examined by optical microscopy and scanning electron
microscopy (SEM) to verify the presence of the particle arrays and the diameters of the particles.
The thickness of the Ag film (with Ge wetting/adhesion layer) was confirmed to be 103 ± 5 nm by
using a stylus profilometer (Bruker Dektak-XT) and the height the nanopillars was also confirmed
by recording SEM at an angle.
ALD
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After lift-off and an initial examination of the pillar arrays by SEM and optical microscopy, the chips
were conformally coated with 10 nm of Al2O3 atomic layer deposition (ALD) in an Ultratech Fiji G2
system. Reagents used were trimethylaluminum and water for 100 cycles and the substrate was
heated to 150 °C. Note that this step is absolutely necessary, and must be done within an hour or so
after lift-off to prevent oxidation of the Ag pillars, which will readily occur over of the course of
week or even days for Ag nanoparticles in air. Without the protective Al2O3 cladding, or another
protective material such as Si2N3, the Ag particles will oxidize and lose their plasmonic character,
making the LSPR and SLR modes disappear.

Figure 5.1. SEM micrographs of unoxidized (left) and oxidized (right) Ag nanopillar lattices. The oxidized nanopillars clearly
show greater roughness and large protuberances, indicating the growth of Ag2O and other oxidized silver species. Note that
the oxidized silver lattice is partially covered with a stripe of an unknown material, which is presumably hBN, hBN was not
intentionally applied to this particular lattice, meaning that this stripe must have been accidentally placed on the lattice
during the.

Application of hBN to Ag Nanopillar Lattices
Polycrystalline films of multilayer hBN with an average thickness of 13 nm were purchased from
Graphene Supermarket. These films were grown by CVD on copper foil, and were transferred onto
the Ag lattices by a wet-transfer method as described in the literature168,185. Essentially, a section of
the purchased hBN-bearing Cu foil (25 um thick) is cut to the desired size of the area to be covered
by the hBN (in this case, 5 mm x 5 mm area to cover all of the Ag nanopillar lattices on a single glass
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substrate). 200 nm of PMMA is then spin-coated on top of the hBN film and baked at 180 °C for 90 s.
This Cu-hBN-PMMA layered structure is then allowed to float with the Cu-side down on a bath of
aqueous FeCl3 (sold by Transene and other companies as “Cu etchant”, the exact formulation is
proprietary) at 60 °C, which etches away the Cu film. The PMMA-hBN film left floating on the FeCl3
solution is then transferred, while still wet, to an Radio Corporation of America-2 (RCA-2) etchant
bath, where is allowed to remain to remove residual FeCl3, then transferred to an RCA-1, and finally
rinsed by floating on a bath of deionized water. The hBN-PMMA film was lifted from the water using
the Ag-nanopillar-lattice-bearing chip, such that the hBN-PMMA film was positioned covering the
Ag nanopillar lattices, and allowed to dry. The sample was heated for 20 min at 180 °C to remove
any trapped water, and placed in an acetone bath for 90 min at roughly 52 °C to remove the PMMA,
leaving only the hBN film on the Ag nanopillar lattices on the borosilicate glass substrate. Allowing
the acetone to evaporate ensured that the hBN film was “suctioned” onto the underlying substrate
and Ag nanopillars, such that the Ag nanopillars are virtually “shrink-wrapped” by the multilayer
hBN film, as seen clearly in the SEM image in Figure 5.5(C). This technique of using solvent
evaporation to place a sheet of a 2D material tightly and conformally over protruding
nanostructures has also been used with MoS2 for photovoltaic applications186.

5.5 Optical Measurement of Ag Nanopillar Lattice With
and Without hBN
Angle-resolved transmission spectra
After fabrication of the Ag nanopillar arrays on glass substrates, the angle-resolved transmission
spectra of these arrays were recorded using the set-up diagrammed in Figure 2.6 in Chapter 2.
Collimated white light from a tungsten-halogen lamp passed through an infinity-corrected 100x, 0.6
NA to illuminate the arrays through the 700 um thick borosilicate glass substrate. The white light
spot focused on the arrays was about 30-45 um in diameter, thus filling a significant portion of the
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50 um square arrays. The transmitted light was collected by a 50x, 0.8 NA objective and sent to a
Princeton Instruments spectrometer. En route to the spectrometer entry slit, the light was passed
through a lens positioned to create a focused Fourier image on the CCD pixel array of the
spectrometer, and also through a linear polarizer to permit only TE or TM light to reach the
spectrometer. The spectrometer entry slit was narrowed to give a 2 nm spectral width. The
spectrometer diffraction grating had a groove density of 300 grooves/mm. As a result, this set-up
produced 2D intensity maps corresponding to the 1024 x 1024 pixel array of the CCD camera.
These intensity maps are the Fourier space images of the light from the array transmitted through
the entry slit at various wavelengths. Thus, the CCD pixel position along the axis parallel to the
entry slit, corresponds to the sin(θ) of the light transmitted through the array (given that the CCD
array is in a Fourier image plane). Meanwhile, the pixel position along the axis perpendicular to the
entry slit corresponds to the wavelength of the light, since this axis is the one across which the
spectrometer’s diffraction grating disperses light transmitted through the entry slit. The AR
transmission spectra of the arrays of Ag pillars without hBN were recorded under two conditions:
Ag pillars at the glass-air interface, and Ag pillars in index-matching oil underneath a glass
coverslip. Spectra measured under the first condition show two parallel sets of RAs and SLRs, one
at longer wavelengths for the diffractive coupling of pillars LSPRs within the glass substrate, and
the other set at shorter wavelengths for coupling of the LSPRs through the air surrounding the
particles. The exact equations for the wavelengths of the RAs (also known as the diffraction edges)
as a function of the angle of incidence of the transmitted light is given in Equation 3 in the text
below.

Angle-resolved photoluminescence (PL) spectra
Angle-resolved PL spectra were recorded in the same manner as transmission spectra, except only
one objective was used (the 50X, 0.8 NA objective located beneath the microscope objective) was
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used for both excitation and collection. A continuous wave (CW) blue diode laser tuned to 462 nm
was used as the excitation source, and a 473 nm long-pass filter was used to remove the reflected
laser from the collected photoluminescence. All of the PL measurements were done with a polarizer
on the collection beam path set to transmit only s-polarized photoluminescence to the detector, so
the PL spectra shown in this chapter are all for s-polarized light exclusively.
Confocal PL measurements
Maps of the PL intensity at different points on the sample surface were measured. This was done
using a confocal microscope equipped with a 50x 0.8 NA objective used for both excitation and
collection. The sample was excited by shining a diffraction-limited spot onto the array at a
particular point, and collected the PL from that same point. The excitation source was the same
laser (462 nm CW) as used for the AR PL. The intensity of the collected PL at each point was
measured using an avalanche photodiode (APD), with a 473 nm long-pass filter to remove the
scattered laser light. Using a piezoelectric microscope stage, excitation and collection spots on the
sample (both about 1 um in diameter each) the sample was raster scanned across a 100 um square
region in 256 x 256 steps to create pixels that were approximately 390 nm square, although the real
image resolution of the confocal image is closer to 1 um.
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5.6 Results and Discussion

Figure 5.2 shows the angle-resolved transmission
spectrum of Ag nanopillar array with 320 nm pitch
and 67 nm diameter pillars for s-polarized light. For
this spectrum, the lattice on a glass substrate was
covered in index-matching oil (Cargille Type FF, n =
1.48) and a glass coverslip. This spectrum shows
that the Ag pillars used here do indeed support
relatively narrow SLRs in the s-polarization, akin to
Figure 5.2. Angle-resolved transmission spectrum of Ag
nanopillar array with 𝑎 = 320 nm pitch and d = 67 nm
diameter pillars for s-polarized light. For this spectrum,
the lattice was covered with index-matching oil (Cargille

the Au, Al, and Al-MIM lattices discussed elsewhere
in this dissertation. the Au, Al, and Al-MIM lattices
discussed elsewhere in this dissertation.

type FF) and a glass coverslip so that the Ag
nanocylinders were embedded in a uniform refractive

Despite the high quality of the SLR obtained with

index environment.

the a = 320 and d = 67 nm lattice, the total
absorbing power is low, and it was not the lattice

that exhibited the greatest enhancement of the hBN defect fluorescence. The optimum lattice for
enhancement of the hBN defect fluorescence turned out to be the a = 345 nm, d = 150 nm lattice,
whose angle-resolved transmission spectra for both s- and p-polarized light are shown in Figure 5.3
below. These SLRs are much broader than the SLR for the 𝑎 = 320 nm, d = 67 nm lattice, but
nevertheless it was found to be the optimum for enhancing and spatially filtering the fluorescence
from the defects in the hBN layers. In the future, a compromise might be found by using rectangular
or elliptical cylinders, in which the width of the nanocylinders in the y-direction (the direction in
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which the electric field is oriented for s-polarized light) is minimized, dy = 67 nm, while the length
of the particles in the x-direction is made longer, e. g. 100 – 150 nm. Likewise, flatter particles (less
tall) might have the same benefit in terms of producing sharper p-polarized resonances.

Figure 5.3. Angle-resolved transmission spectrum of Ag nanopillar array with 𝑎 = 345 nm pitch and d = 150 nm
nanocylinders for s-polarized light (left) and p-polarized light (right). For this spectrum, the lattice on a glass substrate was
covered in index-matching oil (Cargille Type FF, n = 1.48) and a glass coverslip.
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Figure 5.4. Characterization of the Ag nanopillar lattice with lattice constant 𝑎 = 345 nm and nanopillar diameter d = 150
nm. (A) SEM micrograph of 345 nm pitch, 150 nm diameter array, recorded at a 45° tilt and 15° scan rotation angle. The
scale bar in the lower left corner is 400 nm. (B) The angle-resolved transmission spectrum of Ag nanopillar array with 345
nm pitch and 150 nm diameter pillars for s-polarized light. This spectrum was measured with the particles located at the
glass-air interface, so two sets of RAs and SLRs are visible: the airs RAs (linear features that intersect at 345 nm, indicated by
the red arrows) and air SLR (two separate blue lobes, indicated by the yellow arrows) appear at shorter wavelengths, while
and the glass RAs (linear features centered at 510 nm, white arrows) and the glass SLR appear at longer wavelengths, as
predicted by using either n2 = 1.00 for air or n2 = 1.48 for glass in Equations 3.1 and 3.2 (shown below). (C) Bright-field
optical micrograph of the Ag nanopillar lattices on the glass substrate. Each square patch is 45 um x 45 um, and the gaps
between the patches are 10 um wide. The red scale bar in the lower right corner is 200 um long. The numbers to the left of
each row of square lattices indicates the lattice constant for the lattices in that row in nm, 𝑎/nm, while the numbers beneath
each column of lattices indicates the diameter of the nanopillars in those lattices, d/nm.

Figure 5.4 (A) shows an SEM image of the 345 nm pitch, 150 nm diameter Ag nanopillar array. The
pillars are roughly cylindrical, though they are slightly wider at the base than at the top. At right is
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an optical microscope image of a series of arrays on glass with different periods (numbers along
vertical axis at left side of arrays) and pillar diameters (numbers along horizontal axis below
arrays).

In order to observe an SLR clearly in angle-resolved transmission spectra, it is sometimes necessary
to embed the particles in an environment having a uniform index of refraction, especially for the inplane or s-polarized SLRs of thin particles38,39,41,180,187–193. However, our data show that the uniform
index requirement does not hold in all cases. As Figure 5.3(B) attests, the SLR can still be observed
even when the particle array is located at the glass-air interface.

The transmission spectrum of the 345 nm pitch, 150 nm pillar diameter array for s-polarized or
transverse electric (TE) light is shown in Figure 5.3(B). This spectrum shows several features of
interest. Most apparent is the blue (absorbing or non-transmitting) curved feature occurring at
wavelengths between 550 and 650 nm. This is the SLR, and it is dispersive, i. e. its wavelength is
highly dependent on the angle of incidence of the transmitted light. It occurs at wavelengths slightly
redshifted from the wavelengths of the (1,0) and (-1,0) RAs. Whereas the SLR width and
wavelength at a given angle of incidence depend on both the pitch of the array and on the diameter
of the particles, the wavelengths of the RAs depend solely on the pitch, and are conveniently
described by the following equation (this is Equation 2.2, repeated here for convenience)41:

𝜆(uv ,uw )

j𝑛kk l𝑚|k + 𝑚}k p − 𝑛qk 𝑚}k 𝑠𝑖𝑛k 𝜃 ± 𝑚| 𝑛q 𝑠𝑖𝑛𝜃
⎛
⎞
=𝑎
𝑚|k + 𝑚}k
⎝
⎠

𝐸𝑞𝑛. 2.2

where θ is the angle of incidence, with θ = 0° corresponding to light travelling normal to the
substrate plane and the plane of the array, and integers m and p are the indices of the particular
diffracted order. Note that m and p are not interchangeable due to the spectrometer entry slit,
which breaks the symmetry of the square lattice by selecting only one plane of light to be
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transmitted, and by the linear polarizer, which selects for light with and electric field vector either
parallel to (p-polarized, or transverse magnetic, TM) or orthogonal to (s-polarized or TE) the
spectrometer entry slit. Meanwhile, n2 and n1 are the refractive indices of the substrate (glass, n2 ≈
1.48 for visible light) and air (n1 ≈ 1.00). This equation simplifies when one considers only the
(±1,0) RAs to:
𝜆(±q,€) = 𝑎(𝑛k ± 𝑛q 𝑠𝑖𝑛𝜃)

𝐸𝑞𝑛. 2.3

From this simplified equation, one can easily see that the y-intercept of the RA lines (also where the
(+1,0) and (-1,0) lines intersect) at θ = 0° occurs at a wavelength of D*n2, or 1.48 times the particle
pitch. This condition specifies the case in which the center-to-center distance between nearest
neighbor particles is equal to the wavelength of light in the dielectric medium surrounding the
particles. Meanwhile, the slope of the RA lines is equal to the distance between the particles times
the refractive index of air. That the index of refraction of air still appears in the equation for the RA
wavelengths even when the particles are embedded in a homogeneous index of refraction is
counterintuitive. This apparent contradiction is explained by considering that the observed
relationship between the RA wavelength and sin(θ) is determined by the refractive index of the last
medium the transmitted light traverses before reaching the collection objective. After passing
through the substrate, Ag particle array, index-matching oil, and glass coverslip, the transmitted
light reaches the interface between the exterior side of the coverslip and surrounding air, at which
point the cone of transmitted light is refracted into a wider-angle cone before it reaches the
collection objective. Therefore, relationship between the RA wavelength and the angle of
transmission is determined by the refractive index of air, the last medium the transmitted light
passes through before the collection objective. As such, SLR-supporting square lattices of Ag
nanocylinders on glass were fabricated successfully and their angle-resolved transmission spectra
reveal that these arrays support SLRs at the wavelengths predicted by theory.
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Figure 5.5. The Ag nanopillar lattice with 𝑎 = 345 nm and d = 150 nm draped with hBN. (A) Bright-field optical micrograph of
various Ag nanopillar lattices prior to application of hBN. The numbers to the left of each row of square lattices indicates the
lattice constant for the lattices in that row in nm, 𝑎/nm, while the numbers beneath each column of lattices indicates the
diameter of the nanopillars in those lattices, d/nm. (B) Same as in (A) but after the transfer of a 20-nm-thick sheet of hBN.
The contrast between the reflected light from the Ag nanopillar lattices and the background glass substrate reflection
appears to be accentuated with the application of hBN, likely due to the high refractive index of the thin hBN layer (about 1.6
in the visible range194) compared to air. (C) The angled SEM image of the 𝑎 = 345 nm, d = 150 nm Ag pillar array covered
with 20 nm hBN film. The hBN film takes the shape of the substrate without tearing. (D) The optical microscope image of
partially torn hBN on the Ag pillar array having 150 nm diameter pillars and 𝑎 = 470 nm. (E) The confocal PL image of the
same array as in (D), showing bright PL from the hBN on the Ag nanopillar lattice, faint PL from the hBN on the bare glass
substrate, and little to no PL from the torn region where hBN is absent. (F) The angle-integrated emission spectra of hBN two
different lattices and on the glass substrate without nanoparticles, as well as the background emission from glass. This shows
a roughly six-fold increase in the intensity of the emission of the hBN on the 𝑎 = 345 nm, d = 150 nm lattice compared to hBN
on the glass substrate.

Figure 5.6(A) shows the angle-resolved transmission and PL spectra of hBN on the 345 nm period,
150 nm pillar diameter array. The PL spectra shows that the light emitted from the strained hBN
defects couples into the SLR. This effect demonstrates that the SPEs are interacting with the
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delocalized mode in a way that determines how the quantum emitters couple to free space.
Considering that the SLRs are delocalized modes that propagate in the plane of the array, these
interactions between hBN defects (or other SPEs) and SLRs could be harnessed to entangle
quantum emitters located at different points on a surface, which could in turn be applied to
quantum computing or other optoelectronic devices.

Figure 5.6. Angle-resolved spectra of Ag arrays with hBN. (A) The s-polarized transmission spectrum the 𝑎 = 345 nm, d = 150
nm Ag nanopillar lattice with overlaid hBN. (B) The angle-resolved PL spectrum from the hBN film on the same lattice as in
(A) with illumination from a 462 nm CW diode laser. (C) The angle-resolved PL spectrum from hBN on the 2000 nm pitch
array with 150 nm diameter pillars. The SLRs in the visible wavelength range are not supported due to the large spacing
between the pillars, so the PL does not follow and SLR-like dispersion as it does in (B).

Figure 5.5(E) shows a map of the PL intensity from various points on the sample surface as
measured with a confocal microscope. For this image, the SPEs were excited by the same 462 nm
CW laser as was used to measure the angle-resolved PL spectra, but this time they were illuminated
with a diffraction limited spot. The sample stage was scanned underneath the microscope objective,
so that the excitation and collection spots were scanned together across the sample to construct the
map seen here. The PL intensity maps of the sparsest arrays (those with 2 um pitch) show that, as
with the previously reported SiO2 pillars, the hBN only emits significantly where it is subjected to
mechanical strain, i. e. where a nanopillar is present.
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5.7 Conclusion
Through AR transmission and PL spectra, we have demonstrated the use of periodic arrays of
plasmonic nanostructures to generate SPEs support delocalized lattice resonances into which the
light emitted from the strain-amplified SPEs was observed to emit. These results provide a
preliminary step towards using SLR-supporting particle arrays for this purpose, and it provides an
example of how SPEs, including those generated in 2D semiconductors, can be effectively coupled
into a mode that is delocalized in the X and Y directions (in the plane of the chip) while still being
confined in the Z direction (normal to the surface of the chip). Future experiments in this vein could
seek to strongly couple or entangle ensembles of SPEs such as those shown in this work.
Potentially, one could envision the combination of multiple SPEs into a series of delocalized states
with various energies, in which the continuous (band-like) or quantum nature of the energies of the
states would depend on the spatial density and the number of emitters involved. Such structures
may find use in photon-based quantum computers.
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Chapter 6. Conclusions
As is discussed at length in Chapter 2, clear evidence of exciton delocalization by SLRs was not
present in the results the energy transfer experiments reported in this dissertation. Instead, SLRs
tuned to the emission wavelength of the donor dye favored fluorescence emission of the donor over
energy transfer to an acceptor. This result does not corroborate the hypothesis, that donor excitonSLR coupling would accelerate energy transfer as much or more than it accelerates radiative decay
of the donor. However while results do not indicate that exciton mobility was increased by the SLR,
they also do not indicate that it was necessarily decreased, and the results obtained with this
particular system of aluminum metal-insulator-metal nanoparticles and two boron dipyrromethene
(BODIPY) dyes, do not indicate that SLRs cannot delocalize excitons under different particular
conditions. Indeed, there are reports to the contrary that indicate increased propagation of excitons
coupled to SLRs1,55 and spatially coherent emission3,6 from these coupled excitons. Furthermore,
although the results of the energy transfer experiments reported in this dissertation, which does
not indicate that this particular SLR-exciton system would enhance quantum efficiency in organic
PVs, an exciton-SLR system like the one discussed in Chapter 2 might find other applications, such
as LEDs, where enhance outcoupling of fluorescence is desirable, and energy transfer to impurities
and trap state is undesirable.

To reiterate, the results presented in Chapter 2 did not show delocalization of Frenkel excitons by
SLRs, however other methods to test this phenomenon, discussed below, might furnish evidence of
exciton delocalization. In other words, the absence of delocalization in the experiments discussed in
this dissertation should not be interpreted as proving that SLRs cannot delocalize Frenkel excitons.
On the contrary, numerous experimental and computational11,195,196 investigations suggest that
delocalized modes such as microcavity photons97,105,140, SPPs141, Bloch surface waves99, and one-
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dimensional (1D) photonic crystal modes109 do indeed enhance energy transfer and increase
exciton diffusion lengths, so there is still reason to believe that SLRs may increase these effects in
the vertical or lateral direction when the right conditions of coupling strength, molecular
concentration, and minimal energy transfer in the absence of SLR-coupling are met.

Furthermore, while this work was intended to test the ability of SLRs to delocalize Frenkel excitons
for enhanced excitonic solar cells, the research literature has demonstrated the potential for SLRs
for making organic-dye lasers on microchip surfaces that emit laser light normal to the microchip
surface, specifically from films of dye-doped polymers as little as 200 nm thick, in other words onmicrochip lasers with flattened cavities. These on-microchip lasers might find use in optical
computing or in displays, where their thinness, low-lasing threshold, and monochromaticity
(compared to OLEDs and LEFETs that don’t lase). In some examples, these SLR-dye lasers can be
wavelength-tunable in real time by changing solvent in flow cell, or by stretching or releasing the
tension on an elastic, flexible polymer substrate197,198. Furthermore, SLRs have been demonstrated
to enhance light-matter interaction in magneto-optical systems199, and to produce a BEC of excitonpolaritons1, and suggestions of general light-harvesting properties for potential photocatalysis
applications149.

To be totally clear, the results presented in Chapter 2 do not show a true suppression of Förster
resonance energy transfer (FRET) itself. Instead, FRET was decreased because emission from the
donor was accelerated, such that energy that would have transferred to the acceptor in the absence
of a resonant SLR were emitted directly from the donor instead., This effect, in which emission from
donor was enhanced so that it could out-compete energy transfer to the acceptor, could be useful in
LEDs where FRET to low-energy impurities and trap states is undesirable. Regardless of where this
energy transfer inhibition effect may find an application, it is a noteworthy development, and the
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results in Chapter 2 as well as the preliminary characterization results leading up to them (Chapter
1, Section 1.9) may be useful to researchers studying SLRs and the coupling of excitons with various
nanostructure-based photonic modes generally. Finally, the question as to whether the observed
SLR-exciton coupling is strong coupling, weak coupling, or a consequence of the increased
refractive index of a dye-doped film compared to an undoped film near the dye’s absorption peak is
discussed in Section 1.9.

Finally, the combination of SLRs with single photon emitters (SPEs) in two-dimensional (2D) sheets
of hexagonal boron nitride (hBN) in Chapter 3 shows potential application of SLRs to optical
computing, optical quantum computing, and quantum cryptography based on isolated emitters at
room temperature12,13,200. However, future work with the materials used for the system is needed to
make the positions of emitters within the hBN film truly deterministic (deterministic here meaning,
controlled and designed, such that the positions of the emitters in the hBN film in the device can be
planned arbitrarily by human user as is the case for lithographically defined structures). Perhaps
most importantly, if SLRs are to be used for optical quantum computing, then the interaction of an
entire lattice with a single isolated emitter (one atom, one defect, one quantum dot, or one dye
molecule, depending on the type of emitter) must be examined, in contrast to the system described
in Chapter 3, in which each SLR-supporting lattice was coupled to numerous strain-activated
defects (defects here meaning atomic vacancies, substitutions, or interstitial atoms in the hBN
crystal lattice) which were located virtually randomly throughout lattice area, both near and on the
plasmonic Ag nanopillars and in the space between them.
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Appendix A. Prospects for SLRs in Photocatalysts for Solar Fuel
and Commodity Chemical Production
The light-trapping, enhanced absorption, and electric field localization and amplification properties
of SLRs make them attractive candidates for photocatalysis applications. One can imagine several
different types of photocatalysis based on SLR-supporting lattices. First, the plasmonic particles
themselves could serve as photocatalysts, as was demonstrated on nanoparticles of Au201–204, Al205,
and Cu206,207, the last being known for catalyzing the photoreduction of CO2 to make hydrocarbons.

Furthermore, even when the plasmonic particles that comprise the SLR-supporting lattice are not
themselves the catalyst, they can facilitate catalytic reactions by acting as optical antennae208–213, in
some instances creating a “forced plasmon” in an adjacent nanoparticle made from transition
metals such as rhodium, iridium, platinum, or ruthenium, which are important catalysts for a
variety of reactions, even though they are not, by themselves, especially potent plasmonic materials
or optical antennas.

In these systems, replacing disordered or close-packed plasmonic nanoparticle films with periodic,
SLR-supporting lattices of plasmonic particles (and plasmonic particle-catalyst complexes) may
facilitate catalysis by absorbing light at different wavelengths than are achievable with random
films, which would support LSPRs, but not SLRs. Perhaps more importantly, for reactions driven by
sunlight, the angle of the catalytic surface with respect to the incident light could be controlled to
selectively absorb light of a certain wavelength (the wavelength at which the SLR is resonant at the
selected angle-of-incidence). This might be useful in avoiding unwanted side-reactions that may
occur if solar photons with greater or lesser energies were also strongly absorbed. Notably, in
Chapter 5, the photonic coupling of light emitting centers in thin sheets of hBN to SLRs in Ag
nanoparticles was discussed. This coupling between the color centers of hBN and the SLR photonic
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mode could portend a future application of SLR-supporting lattices in combination with hBN for the
exothermic oxidative dehydrogenation of propane to propene, which was found to occur readily on
defect sites on the surface of hBN nanotubes and nanosheets183.

Finally, SLRs have been combined with MOFs that contain organic dye groups as linkers149, and
MOFs are frequently used as catalysts for industrial reactions, especially those involving gaseous
reactant214,215. Furthermore, exciton energy transfer between dye complexes in MOFs similar to
those that were coupled to SLRs was shown104,138,216,217, and the importance of coherence and
energy transfer in photosynthesis in green plants218 suggests that those SLRs, or other long-range,
coherent, structural photonic or plasmonic modes may have a role to play in facilitating reactions
alongside organic and organometallic photocatalysts in the future.
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Appendix B. Additional Notes on Fabrication
B.1 General Procedure for Fabrication of SLR-Supporting
Lattices of Plasmonic Nanocylinders Up to 150 nm Tall by
EBL/metal deposition/lift-off
The procedure to fabricate the Ag and Al-MIM lattices described in Chapter 2 is described here in
greater detail and with supporting images. The procedure used to make the SLR-supporting lattices
was originally developed with the aim of producing lattices of plasmonic particles up to 150 nm tall.
Producing tall nanocylinders reproducibly, without protruding metal “ears” that can sometimes
result from poor lift-off, required the use of a PMMA bilayer as the electron-beam resist.
Specifically, whereas relatively flat nanodisks can be made by EBL/metal deposition/lift-off with a
single layer of PMMA as the resist, features over 50 nm tall require a PMMA bilayer to be cleanly
and reproducibly fabricated without random ears or other defects from poor lift-off, as exemplified
by the Au nanolattice shown in Figure B.1.
The PMMA bilayer method is the same as the standard EBL/metal deposition/lift-off method,
except that in place of single layer of PMMA resist, there are two layers PMMA resist that spin
coated onto the blank substrate before exposure with the electron beam. For the lattices described
in this dissertation, the bottom layer was a 200 – 250 nm thick layer of PMMA having an average
molecular weight (MW) of 495 kDa. This layer was applied to the substrate by covering the
substrate surface with a 4 wt. % solution of 495 kDa PMMA in anisole (Microchem, 495 PMMA A4)
and spinning at 4000 rpm for 52 s at room temperature, and then baking the chip for 90 s at 180 °C
to evaporate excess solvent. The baking step is important in order to allow a second layer of PMMA
with a higher average MW (950 kDa) to be applied on top of the first layer. Without the baking step,
it is more likely that the solution of 950 kDa PMMA in anisole (2 wt %, Microchem 950 PMMA A2)
will simply dissolve and replace the first layer, rather than depositing additional PMMA on top of
the first layer as desired.
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After baking the chip for 90 s at 180 °C, the upper layer of PMMA was applied by spin coating a 2 wt.
% solution of 950 kDa PMMA in anisole (Microchem, 950 PMMA A2) at 4000 rpm for 52 s, and
again baking the chip for 90 s at 180 °C. The addition of the upper layer of PMMA on top of the first
layer was confirmed by stylus profilometry (Dektak) of a trench cut into the PMMA with rounded
(blunt) stainless steel tweezers. The profiles of a trench cut in the PMMA after the first spin coating
and again after the second spin coated showed that total PMMA film thickness increased by 50 nm
due to the second spin coating step, indicating that second spin coating step had indeed added
PMMA to the film. It is likely that the two layers blend to some extent, but nevertheless, the bilayer
method allowed easier lift-off and cleaner tall plasmonic structures (100 nm and 150 nm Ag
nanocylinders, and 120 nm Al-MIM nanocylinders). It is important to note that the difference in the
average MWs of the PMMA in the bottom and top layer is key to promoting lift-off. PMMA works as
an electron-beam resist because it is a polymer consisting of long chains that is insoluble in the
developer solution (a 1:3 volume ratio mixture of water and isopropyl alcohol, chilled to 4 °C, in this
case), but which becomes soluble when the covalent bonds forming the polymer backbone are
broken by impinging high-energy electron beams and by the secondary electrons that these beams
created in the PMMA and at the substrate surface under the PMMA. If the chains of the PMMA
molecules are broken into sufficiently short segments, the PMMA is considered “exposed” and it
becomes soluble in the developer solution. Therefore, when a chip coated with PMMA that has been
exposed according to the desired pattern is “developed” by being immersed in the developer
solution, the exposed regions of the PMMA film dissolve, while the unexposed regions of the film
remain, thereby revealing the EBL exposure pattern in the PMMA film. Given this information, it is
easy to see that the layer of PMMA that starts out with lower average MW polymer chains will be
exposed at a lower dose (for electron beams, exposure dose is measured in charge per unit area,
uC/cm2 in this case) than the higher average MW polymer. Due to proximity effects, this means that
the bilayer method will consistently produce holes in the PMMA film having an “undercut” if a

109

circular patch region of the PMMA bilayer, 50 nm in diameter, is exposed at and adequate dose, e. g.
2000 uC/cm2, the hole in the upper layer after development will be roughly 50 nm in diameter,
while the hole in the lower layer will be slightly wider. This undercut is key to having clean lift-off
without trace scraps of metal film on the top of the nanocylinders at the end of fabrication. The
bilayer method, illustrated in the panels in Figure B.2 below, was thus used successfully for the 100
nm-tall Ag nanopillars described in Chapter 5, and for the 120 nm tall Al-MIM nanocylinders
described in Chapter 3 and 4. For the 37 nm-tall Au and 50 nm-tall Al nanocylinders described in
Chapter 3, a single layer of 950 kDa PMMA, 200 nm thick, was used. Additionally, 150 nm-tall Ag
nanocylinders were made with the bilayer method, but these lattice were not used for SLR or SLRexciton coupling experiments. The exact procedures for this process are detailed in Table A.1
below, but note that the PMMA bilayer process does not include the three steps involving the
deposition and removal of a Cr sacrificial layer. The Cr sacrificial layer was only used for producing
lattices of particles over large areas, e. g. 500 um – 3 mm square areas, whereas the lattices used for
SLR and SLR-exciton coupling experiments were all 50 um square.
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Figure B.1. Lattices of 80 nm-tall Au nanopillars made with a single-layer PMMA process. The single layer process produces
pillars covered or “crowned” with extraneous pieces of Au metal leftover from a poor lift-off process In the lattice at upper
left, many particles are missing.
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Figure B.2. Steps in the PMMA bilayer process for the fabrication of plasmonic lattices by EBL/metal deposition/lift-off. The
images on the right represent the steps in the, showing the two different layers of PMMA, with different average MWs used as
the resist. The thin Au film that was deposited on top of the PMMA to mitigate charging was omitted. On the right, the upper
SEM image if of 𝑎 = 530, d = 133 nm lattice of 100 nm-tall Ag nanocylinders, which are clean and not plagued by ears and
extraneous flaps of metal from poor lift-off as are the nanocylinders in Figure B.1, which were made by a single-layer PMMA
process.
Table B.1 Exact procedure for producing lattices of nanocylinders > 50 nm tall by EBL/metal deposition/lift-off using a
PMMA bilayer.
Step Process step
Details
Instrument
#
Substrate
700 um thick borosilicate glass chip (Borofloat 33)
1
Solvent clean
solvent rinse (acetone, methanol, isopropanol, deionized water, N2
dry
2
O2 plasma clean
5 min, 500 sccm O2, ~775 mTorr, 500 W RF power
PVA TePla IoN
40
3
PMMA bilayer application (spin coating)
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4

(i) Dehydrate chip
surface
(ii) Apply first PMMA
layer, 495 kDa
average molecular
weight, 200 - 250 nm
thick
(iii) Apply second
PMMA layer, 950 kDa
average molecular
weight, ~50 nm thick
Au overcoat on top of
PMMA to mitigate
charging,

6

EBL exposure

7

Removal of Au
overcoat

8

Development

9

O2 plasma descum

10

Au deposition by EBE
with Ti adhesion layer

11

Lift-off

bake 90 s at 180 °C
coat chip in 495 PMMA A4, spin 4000 rpm for 52 s (or longer),
acceleration 0-500 rpm at 100 rpm/s, then up to 4000 rpm at 500
rpm/s. After spinning, bake chip at 180 °C for 90 s to remove
solvent (anisole).
Repeat previous spin and bake procedure, except use 950 PMMA
A2 instead of 495 PMMA A4
4 nm of Au were sputtered on top of the PMMA bilayer to mitigate
the charging of the PMMA and substrate during electron-beam
exposure. This was done at 20 mA in a benchtop magnetron
sputter chamber. 20 mA current was used to strike a plasma in Ar
gas in the chamber at a pressure of 0.08 mbar. The plasma is
confined to toroidal region near the gold target, about 3 cm from
the surface of the chip. This coats the chip with Au at a rate of 0.4
nm/s. The chip is coated for 10 s total, in two 5 s deposition steps,
between which the sputter chamber is flushed with Ar gas and
evacuated. This produces a very thin film (~ 4 nm thick) of Au that
is sufficient to mitigate charging of the substrate and PMMA at the
low beam current (0.1 – 1.0 nA) used for exposure of lattices less
than 100 um x 100 um in area. Note that EBE cannot be used for
this step because it produced UV light and X-rays that would
expose the PMMA.
100 kV, 0.1 – 1.0 nA electron beam
Doses depend on the diameter of the desired nanocylinders
2000 uC/cm2 for small diameters (50 – 90 nm)
1500 uC/cm2 (100 – 150 nm)
1000 uC/cm2 for large diameters (200 – 250)
600-800 uC/cm2 for largest diameters (300 nm or larger
diameters)
The Au overcoat that was applied on top of the PMMA to mitigate
charging during exposure must be removed before developing the
PMMA. To do this, the chip was immersed in aqueous Au etchant
solution (Transene, KI and I2 in water, concentrations are
proprietary) and manually swirled at room temperature for 45
seconds. A shorter immersion time would likely be sufficient.
Developer solution is 3:1 volume mixture of water and
isopropanol, chilled to about 4 °C
1. immerse chip and swirl manually for 1 min
2. sonicate 1 min
3. swirl manually 1 min
4. sonicate 90 s
5. remove and dry with N2
Ensures good deposition and adhesion of deposited particles to
substrate by cleaning and dehydrating of glass surface at bottom of
the wells in the PMMA, must be done immediately before loading
chip in vacuum chamber for EBE
30 s, 200 sccm O2, ~300 mTorr, 200 W RF power
e-beam 7.8 kV, up to 100 mA
Metals in graphite crucibles
Deposit 2 nm Ti at 0.5 Å/s, then 50 nm Au at 1.5-2.0 Å/s
1. Soak 15 min in warm acetone, swirl occasionally.
2. Spray with acetone stream while submerged (syringe or rinse
bottle of acetone)—this removes most of the Au/Ti film.
3. While rinsing continuously with stream of fresh acetone,
transfer to new dish.
4. Soak in warm acetone again 15 min.

Cressington
108A benchtop
sputter system

Elionix ELSG100

PVA TePla IoN
40

AJA Orion 8E
evaporator
system
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5. Sonicate 2 min.
6. Rinse with clean acetone, remove, rinse more, then MeOH, then
IPA, then N2 dry.

B.2 Fabrication of square lattices of Au nanopillars over large
areas, 500 um – 3 mm square, on glass by EBL—deposition—
lift-off using high electron-beam currents (20 nA)
These experiments into fabrication methods were done with the aim of producing. these lattice
over large areas on a chip surface, e. g. up to 1 mm x 1 mm using electron beam lithography (EBL).
Square lattices of Au nanopillars were fabricated on 700 um thick chips of borosilicate glass
(Borofloat 33) using electron beam lithography (EBL) with a poly(methyl methacrylate) (PMMA),
followed by Au deposition by electron beam evaporation (EBE) and lift-off in warm acetone. The
lattices consisted of cylinders of Au, 80 nm in diameter, 50 nm tall, and 400 nm apart (center-tocenter spacing), extending over a 1 mm square area.

The procedure to fabricate the Au nanocylinder arrays is a typical EBL—deposition—lift-off
procedure, with the following key modifications:

1. A 50 nm Cr sacrificial layer was deposited on the glass substrate before application of the PMMA
film. This was done to permit the use of a relatively large beam current (20 nA, 100 kV beam),
which in turn allowed the exposure of a large area in a reasonable time (30 min). For an insulating
substrate such as glass, currents above 1 nA would normally lead to severe charging, and the
frequently used technique of applying a conductive layer on top of the PMMA (e. g. 10 nm Au) did
not sufficiently mitigate charging. Ultimately, the use of the Cr sacrificial layer to mitigate charging
required three additional steps in the procedure: (a) deposition of the Cr layer on the bare glass
substrate, (b) partial removal of the Cr layer using the Cr wet etch after development of the PMMA,
and (c) final removal of remaining Cr after Au deposition and lift-off.
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2. Two layers of PMMA were spin coated onto the substrate prior to EBL exposure, a 250 nm thick
lower layer of 495 kDa PMMA, and a 50 nm thick upper layer of 950 kDa PMMA. This bilayer
procedure allows taller pillars to be fabricated by the EBL—deposition—lift-off method than would
be possible with a single layer, and the pillars are less likely to have "ears", or extraneous, thin
flanges of metal that are supposed to be removed in lift-off but instead remain adhered to the top
edges of the desired features. Note that for the particular nanopillar arrays used in this experiment,
the use of a PMMA bilayer was likely unnecessary, although it might have produced Au cylinders
that are smoother and "cleaner" than those made via a single layer PMMA process would have been.

3. To achieve relatively small features (80 nm diameter Au cylinders) of consistent size, a relatively
large area dose was used (2000 uC/cm2). This dose produces features that are larger than the
features in the programmed exposure pattern itself, so to achieve nanocylinders that were 80 nm in
diameter, a pattern composed of 60 nm circle was used. The use of an instrument with a large beam
voltage (100 kV) and the use of a PMMA bilayer process, as well as the development procedure
(sonication in 3:1 IPA and water mixture, 4 °C), and the descum procedure were also useful in
ensuring the uniformity of the nanopillars and the reproducibility of the process.

This procedure is illustrated in Figure B.3 below.
The remaining process parameters are listed in the table below.
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Figure B.3. Lattice of Au nanocylinders fabricated over a 560 um x 560 um area using a 20 nA beam current during exposure.
Normally, writing on glass with a beam current over 1 nA would ruin the pattern due to charging of the insulating substrate.
Those effects and the charging were avoiding by coating the glass chip with a 50 nm-thick layer of Cr metal before applying
the PMMA bilayer. The Cr was removed after exposure and development in two separate wet etching steps. The etchant used
to remove Cr, cerium(IV) nitrate, Ce(NO3)4, in ammonium nitrate aqueous solution, does not affect the Au nanopillars or the
Ti adhesion layer under each Au nanocylinder.
Table B.2 Details for procedure for producing lattices over large areas by EBL/metal deposition/ lift-off. To achieve
lattices covering large areas, 500 um – 3 mm square, a sacrificial Cr layer was used to make the substrate conductive,
which allowed a large beam current (20 nA) to be used, thereby completing the exposure 20-fold faster than an
exposure at 1 nA, the maximum usable current without the Cr layer, would have taken. Without this innovation, the
exposure of patterns over areas larger than ca. 200 um square takes prohibitively long periods of time.
Step Process step
Details
Instrument
#
Substrate
700 um thick borosilicate glass chip (Borofloat 33)
1
Solvent clean
solvent rinse (acetone, methanol, isopropanol, deionized water,
N2 dry
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2

O2 plasma clean

3

Cr deposition by EBE

5

6

7

8

9

10
11

12

5 min, 500 sccm O2, ~775 mTorr, 500 W RF power

50 nm final thickness, 7.8 kV e-beam on Cr metal in graphite
crucible, 100 mA typical beam current, 1.0-2.0 Å/s deposition
rate
PMMA bilayer application (spin coating)
(i) Dehydrate chip surface bake 90 s at 180 °C
(ii) Apply first PMMA
coat chip in 495 PMMA A4, spin 4000 rpm for 52 s (or longer),
layer, 495 kDa average
acceleration 0-500 rpm at 100 rpm/s, then up to 4000 rpm at
molecular weight, 200 500 rpm/s. After spinning, bake chip at 180 °C for 90 s to
250 nm thick
remove solvent (anisole).
(iii) Apply second PMMA
Repeat previous spin and bake procedure, except use 950
layer, 950 kDa average
PMMA A2 instead of 495 PMMA A4
molecular weight, ~50 nm
thick
EBL exposure
100 kV, 20 nA e-beam
1500 uC/cm2 area dose
exposed 60 nm dia. circles to obtain 80 nm dia. cylinders (that
is, the exposed area was somewhat smaller than the final
diameter of the nanocylinders).
Development
Developer solution is 3:1 volume mixture of water and
isopropanol, chilled to about 4 °C
1. immerse chip and swirl manually for 1 min
2. sonicate 1 min
3. swirl manually 1 min
4. sonicate 90 s
5. remove and dry with N2
1st Cr wet etch
Immerse in Transene Cr etchant 1020 (aqueous ceric
ammonium nitrate), manually swirl for 60 s at RT. This
removes entire Cr sacrificial layer in about 200 nm diameter
region under each hole in the PMMA. The removal of Cr under
the holes was confirmed by SEM later
O2 plasma descum
Ensures good deposition and adhesion of deposited particles to
substrate by cleaning and dehydrating of glass surface at
bottom of the wells in the PMMA, must be done immediately
before loading chip in vacuum chamber for EBE
30 s, 200 sccm O2, ~300 mTorr, 200 W RF power
Au deposition by EBE
electron beam 7.8 kV, up to 100 mA
with Ti adhesion layer
Metals in graphite crucibles
Deposit 2 nm Ti at 0.5 Å/s, then 50 nm Au at 1.5-2.0 Å/s
Lift-off
1. Soak 15 min in warm acetone, swirl occasionally.
2. Spray with acetone stream while submerged (syringe or
rinse bottle of acetone)—this removes most of the Au/Ti film.
3. While rinsing continuously with stream of fresh acetone,
transfer to new dish.
4. Soak in warm acetone again 15 min.
5. Sonicate 2 min.
6. Rinse with clean acetone, remove, rinse more, then MeOH,
then IPA, then N2 dry.
2nd Cr etch
Immerse in Transene Cr etchant 1020 (aqueous ceric
ammonium nitrate), manually swirl for 90 s at RT.

PVA TePla IoN
40
AJA Orion 8E
evaporator
system

Elionix ELSG100

PVA TePla IoN
40

AJA Orion 8E
evaporator
system
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Appendix C. Fabrication and Lattice Modes in GaAs, GaP, and
ZnSe Nanocylinder Lattices, and Nanocylinder Lattices of the
Negative-Tone EBL-Resist, ma-N 2403, on an Ag Film.
In the course of investigating surface-enhanced Raman scattering (SERS) on semiconductor
substrates in collaboration with the Lombardi group, several lattices of nanopillars of GaP, GaAs,
and ZnSe were fabricated. As with the plasmonic substrates, these were made using EBL/metal
deposition by EBE/lift-off to produce a lattice of Ni disks, 20-50 nm thick, on a polished, atomically
flat GaAs, GaP, or ZnSe substrate. Then, these substrates were etched anisotropically using
inductively coupled plasma reactive ion etching (ICP-RIE). For GaAs and GaP, Cl-based ICP-RIE
methods that used Cl2 and BCl3 gases as well as Ar to produce reactive ions worked very well,
producing etch rates between 500 and 2000 nm per minute for GaAs, and around 1000 nm per
minute for GaP. This efficacy is likely due to the fact that Ga forms a volatile molecular compound in
combination with Cl, Ga2Cl6, which is a volatile liquid at room temperature. Meanwhile, P and As can
also combine with Cl to produce volatile compounds as well (PCl3 and AsCl3). Thus, GaAs and GaP
etch quickly and cleanly with Cl-based RIE, since all of the products of reactions between the
etchant gases, their ions, and the substrate produce volatile compounds that are swept away in the
flow of gases through the vacuum chamber in which the etching occurs. Conveniently, the metal
used to mask the GaP and GaAs, Ni, appeared totally immune to RIE by Cl2 and BCl3, and was not
affected by Ar either, such that even 50 nm-thick Ni disks could produce pillars up to 1 um tall
without being etched away. However, removing the Ni metal was not possible in some example,
perhaps due to the formation of nickel borides, e. g. NiB, when BCl3 was used as an etch gas.
Otherwise, the Ni disks capping the pillars should be removable using the standard Ni wet etchant
solution from Transene, in which the GaAs and GaP chips were immersed after ICP-RIE. This
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etchant is aqueous nitric acid with a perfluoroalkyl sulfonate surfactant. It was not observed to
have any effect on the GaP or GaAs, which is good, but unfortunately for some of the GaP chips, the
Ni disks could not be removed, even though the etchant worked as expected on Ni films that had not
been exposed to the ICP-RIE conditions. Therefore, the formation of NiB or other Ni-B-Cl
compounds might be part of the problem, especially since nickel borides are known to be hard,
inert, refractory materials. Using Cl2 only in place of Cl2 and BCl3 might be required, or the
replacement of Ni with a different type of mask. In fact, ma-N would likely work well as a masking
materials for these compounds, and since it is organic, it could be removed by O2 plasma ashing,
which is not expected to affect the GaP or GaAs nanopillars since these materials usually only
oxidize at their immediate surface with the atmosphere.

By contrast, ZnSe etched very slowly, less than 100 nm per minute, in BCl3, and Cl2 mixtures, even
when these were supplemented with Ar gas to produce Ar cations for physical milling in addition to
the chemical etching provided by the BCl3 and Cl2 ions and molecules. This is likely due to the fact
that ZnCl2 is a ionic solid, and is non-volatile, unlike the chloride of Ga, which forms dimeric
molecules, Ga2Cl6, with a relatively low melting and boiling point (77.9 °C and 201 °C, respectively.
Besides etching very slowly, the ZnSe substrate was greatly roughened by etching, likely due to the
“micro-masking” effect of the ZnCl2 formed by initial etching of ZnCl2.

ICP-RIE using a mixture of H2 and CH4 is also known to work for etching ZnSe, likely through the
production of volatile dimethyl zinc, Zn(CH3)2, which is a liquid above -42 °C and boils at 46 °C. And
this mixture did seem to etch ZnSe, but it etched the Ni hard mask as fast or faster than the ZnSe,
ultimately producing a smooth surface of ZnSe where a lattice of Ni disks had previously been, on
one sample. Therefore, Ni hard masks should be replaced with a different material, one that will not
be rapidly etched by H2/CH4 mixtures. For this purpose, the negative-tone organic EBL resist, ma-N
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2403, or other resist in the ma-N 2400 series, are good candidates, so long as the ZnSe pillars will
not be harmed by the O2 plasma asher process that will be required to remove the ma-N after ICPRIE is done to form the ZnSe pillars. I suspect that ZnSe nanostructures might be sensitive to
oxidation, as Ag and Cu metal nanostructures and thin films are, in which case the ZnSe pillars will
be altered chemically by the O2 plasma asher process. In that case, a different organic EBL resist can
be used, such as polystyrene, or PMMA, and these might be easier to remove using organic solvents
like acetone, dichloromethane, N-methyl-2-pyrrolidone, and toluene. However, all of these
protocols remain to be tested. Note also that thee Ni etchant used to remove the Ni after appears to
react with the ZnSe surface. After 30 s of immersion in the dilute nitric acid solution, ZnSe turns
from orange to deep red in color, and the surface is roughened visibly. This could be due to
oxidation of the surface or solutions of the surface or both, and also due to a change in the
stoichiometry at the surface. Se2− + 2H+ à H2Se (gas), and Zn2+ +2(NO3) à Zn(NO3)2 water soluble
salt. Also, since one allotrope of elemental Se is red, it is possible that the nitric acid solution
oxidizes the Se2− in ZnSe to make elemental Se on the surface. However this is just speculation, and
was not confirmed experimentally. Regardless, ZnSe should not be exposed to any mineral acids to
avoid these effects.

The details of these ICP-RIE protocols are found below. Then, SEM and optical microscope images of
GaAs and GaP nanopillar lattices are shown, along with angle-resolved reflection spectra of these
lattices, showing that at least the GaP lattices support angle-dependent modes similar to RAs and
SLRs in the visible range. Finally, Images and experimental details of the fabrication of nanocylinder
lattices of ma-N 2403 (organic negative-tone EBL resist) on a 100-nm thick Ag film on a glass
substrate are shown. These lattices also showed interesting color variation in optical microscope
images, and the exactness of the shape of the ma-N 2403 nanocylinders visible on Sem is
remarkable.
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The colors of the ZnSe lattices observed indicate that the lattices of thin disks do appear to have
distinct resonances leading to light scattering at visible wavelengths. However it is not clear if these
resonances are due to residual Ni metal or to the ZnSe disks themselves. Again, future work with
ZnSe nanocylinder lattices might be better fulfilled using an organic material to mask the ZnSe for
H2/CH4-based ICP-RIE, after which the organic mask material remaining could be removed with
organic solvents, O2 plasma ashing, or UV-ozone treatment, or a combination of these.

There are two standard ASRC recipes in the ICP-RIE instrument in the cleanroom, one in which the
plasma is generated from BCl3 and Cl2 and another in which the plasma is generated from BCl3, Cl2,
and Ar. The settings for these processes are identical except for the flow rates of gases constituting
the plasma and the set maximum flow rate for the He backing.

There are two standard ASRC recipes in the ICP-RIE instrument in the cleanroom, one in which the
plasma is generated from BCl3 and Cl2 and another in which the plasma is generated from BCl3, Cl2,
and Ar. The settings for these processes are identical except for the flow rates of gases constituting
the plasma and the set maximum flow rate for the He backing.

The parameters for step 3, the substrate etch step, are different for each process [process = recipe].
Initially these two processes, Recipe 1 and 2, were investigated to determine their etch rate on
GaAs. The processes and etch rates found are listed below. However, these processes were not
used. Instead, Recipe 3 was used for fabricating lattices on two GaP substrates and two GaAs
substrates, while lattices of conical nanopillars on a third GaAs substrate were fabricated using
recipe 4.
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Cl-based ICP-RIE Recipe 1: “GaAs etch BCl3/Cl2 ASRC”
•

Gases
o

BCl3, 5.0 sccm

o

Cl2, 14.0 sccm

•

Chamber pressure: 10 mTorr

•

Substrate temperature: 20 °C

•

GaAs etch rate: 1660 nm/min

Cl-based ICP-RIE Recipe 2: “GaAs etch BCl3/Cl2/Ar ASRC”
•

Gases
o

BCl3, 18.0 sccm

o

Cl2, 10.0 sccm

o

Ar: 20.0 sccm

•

Chamber pressure: 10 mTorr

•

Substrate temperature: 20 °C

•

GaAs etch rate: 530 nm/min

Cl-based ICP-RIE Recipe 3: GaP etch recipe recommended by Oxford
•

Gases
o

Cl2, 24.0 sccm

o

Ar, 45.0 sccm

•

RF power (table bias): 300 W

•

ICP power: 700 W

•

Chamber pressure: 7 mTorr

•

Temperature: 30 °C

122

•

Etch rate for GaP: 1100 nm/min

Cl-based ICP-RIE Recipe 4: “GaAs etch BCl3/Ar ROB C”
This was designed based on information in this reference219 (Yang & Bandaru, 2007219). It gives a
slower etch rate than recipe 2, and also gives a more conical shape to the pillars, such that they
become wider at the base. This is likely due to the “shadowing” effect of the pillars, in which ions
are partially blocked from reaching the substrate surface in the immediate vicinity of a feature
protruding from the surface.
•

Gases
o

BCl3, 20.0 sccm

o

Ar, 20.0 sccm

•

RF power (table bias): 300 W

•

ICP power: 500 W

•

Chamber pressure: 10 mTorr

•

Substrate temperature: 20 °C

•

Etch Rate for GaAs: 200 nm/min
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Figure C.1 Process for fabrication of nanocylinder lattices by etching of a bulk substrate. This process includes an EBL/metal
deposition/lift-off process with PMMA (single-layer PMMA, since the metal hard mask disks were ≤ 50 nm tall) at the
electron-beam resist. Instead of Au, Al, or Ag, the lattices of Ni metal were fabricated on GaAs, GaP, and ZnSe substrates. Then
the chips with Ni lattices were etched anisotropically using ICP-RIE to produce lattices of Ni-capped GaAs, GaP, or ZnSe
nanopillars, up ~ 1 um tall. The Ni disks were then removed using dilute nitric acid in aqueous solution with a perfluoroalkyl
sulfonate surfactant (Transene Ni etchant solution). However, in some cases this treatment did not remove the Ni disks,
apparently due to the formation of nickel borides during ICP-RIE with BCl3 as one of the reactive gases. Furthermore, the Ni
etchant was found to react with ZnSe. Suggestions for improved processes for ZnSe nanopillar lattice fabrication are given in
text.
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Figure C.2. SEM images of GaP nanopillar lattices etched using Cl-based ICP-RIE Recipe 3, described in the text above,
from a single-crystal substrate on the [111] surface. These beautiful pillar lattices are all roughly 200 nm diameter pillars
with various lattice constants as shown in orange text on each of the SEM images. As can be seen, the pillars obtained are
quite tall (900 nm) after only a 50 s etch.

Figure C.3. Angle-resolved reflection spectra of the GaP nanocylinder lattices from the same chip for which some lattices are
shown in SEM images in Figure C.2. The reflectance values, ranging between 0 and 2, are of the GaP nanocylinder lattices
compared to the flat GaP substrate surface where no pillars were present. These lattices clearly show optical lattice
resonances, as indicated by the linear/triangular features. Better optimization of the reflectance spectroscopy set-up,
including the use of a Ag mirror as the background instead of the flat GaP surface, would have likely shown much more
interesting results. It appears that there are absorbing features between 2.3 eV (540 nm) and 2.7 eV (460 nm)which might
correspond to absorption of light due to exciton modes and the indirect and direct band gaps of zinc blende GaP. The image
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at right is a dark-field optical microscope image, 5x magnification, showing some of the 20 um x 20 um lattices of GaP
nanopillars. The abrupt edge of the substrate separating these lattices from the others happened when the chip was dropped.

Figure C.4. Lattices of nanopillars of GaAs produced from etching the [111] face of a single-crystal GaAs substrate. The four
upper SEM images, and the bottom left image were all collected from lattices etched with Cl-based ICP-RIE Recipe 4, which
produced conical pillars that grow wider as the etch proceeds. In contrast, the pillar in the lower right SEM image were
etched using Cl-based ICP-RIE Recipe 3, which was the same recipe used to produce nanopillar lattices in GaP. These pillars
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are more cylindrical than conical, as were the GaP nanopillar produced via the same method. The reasons for this difference
are not clear, generally chemical etching is less subject to shadowing effects that physical ablation of material with Ar ions.
Therefore, Recipe 3 seems to result in more chemical etching than Recipe 4.

Figure C.5. Optical lattice resonance of a GaAs nanopillar lattice. An attempt to make dimeric nanocylinders—pairs of
nanocylinders in a lattice—inadvertently produced peanut or dumbbell shaped nanopillars instead. These were etched using
Cl-based ICP-RIE Recipe 4, which accounts for how the pillars become wider at the base. Though it is faint, this lattice, with
spacing = 600 nm, and pillar diameters of 400 x 200 nm, did produce an optical lattice resonance (Rayleigh anomaly?) as
revealed on the angle-resolved reflection spectrum on the left. The reflectance values shown are reflectance from the lattice
relative to the flat GaAs substrate surface.
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Figure C.6. Lattice of nanodisks etched into a polycrystalline ZnSe substrate by ICP-RIE with H2 and CH4. Three optical
microscope images (orange/yellow images with colored squares indicating the 20 um x 20 um lattices) of different lattices
are shown, one 10x and two 20x. In each microscope image, the numbers below each lattice indicate the disk diameter, and
the numbers to the right of each row of lattices indicates the lattice constant for that row of lattices. The SEM (gray scale)
images show a few different lattices. The image at bottom right shows the ZnSe nanodisk lattice is partially covered with
what appears to be carbon deposited during the H2/CH4 ICP-RIE etch process, which is a known hazard of using CH4 in ICP-
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RIE. This effect can be mitigated by intermittently stopping the H2/CH4 etching and etching briefly with O2 gas. O2 is not
expected to strongly etch ZnSe, but it will rapidly decompose carbon and organic residues to allow H2/CH4-etching of the
ZnSe to continue. Future work should bear in mind that option during ZnSe etch optimization.

Figure C.7. ma-N 2403 nanocylinders on Ag flat film. The fine lattice of ma-N 2403 nanocylinders shown in the SEM in the
lower right image shows how exact the shape of the nanocylinders obtained can be. These nanopillars were roughly 200 nm
diameter with a 700 nm lattice constant. In order to obtain these structed on the Ag film, the development procedure
recommended by the supplier was altered in the following ways: (1) the development time was doubled (30 s instead of 15 s).
Overdevelopment didn’t seem to be a problem after exposure by 100 kV e-beam, at 400 uC/cm2. (2) The sample was not
heated after development, even though the protocol from the supplier of ma-N 2403 strongly recommends this. In other
samples, when the chip was heated, the nanocylinders melted to produce a continuous puddle with no discernible structures.
This melting effect is likely due to the fact that Ag is an excellent conductor of heat, and perhaps heated the ma-N more
strongly than a typical SiO2-coated substrate would have.
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